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ABSTRACT 
Micro- and Nano- Scale Experimental Approach to Surface Engineer Metals. 
 (May 2006) 
Pranay Asthana, B.E., Osmania University, India  
Chair of Advisory Committee: Dr. Hong Liang 
 
This thesis includes two parts. The first part reviews the history and 
fundamentals of surface science and tribology. The second part presents the major 
research outcomes and contributions. This research explores the aspects of friction, 
wear, and surface modification for tribological augmentation of surfaces. An effort has 
been made to study these aspects through gaining insights by fundamental studies 
leading to specific practical applications in railroads. The basic idea was to surface 
engineer metals for enhanced surface properties. A micro- and nano- scale experimental 
approach has been used to achieve these objectives. Novel principles of nano technology 
are incorporated into the experiments. Friction has the potential to generate sufficient 
energy to cause surface reactions through high flash temperatures at the interface of two 
materials moving in relative motion. This allows surface modifications which can be 
tailored to be tribologically beneficial through a controlled process. The present work 
developed a novel methodology to generate a functional tribofilm that has combined 
properties of high hardness and high wear resistance. A novel methodology was 
implemented to distinguish sliding/rolling contact modes during experiments. Using this 
method, a super hard high-performance functional tribofilm with “regenerative” 
  iv 
properties was formed. The main instrument used in this research for laboratory 
experiments is a tribometer, using which friction, wear and phase transformation 
characteristics of railroad tribo-pairs have been experimentally studied. A variety of 
material characterization techniques have been used to study these characteristics at both 
micro and nano scale. Various characterization tools used include profilometer, scanning 
electron microscope, transmission electron microscope, atomic force microscope, X-ray 
diffractometer, nanoindenter, and X-ray photon spectroscope. 
The regenerative tribofilms promise exciting applications in areas like gas 
turbines, automotive industry, compressors, and heavy industrial equipment. The 
outcome of this technology will be an economical and more productive utilization of 
resources, and a higher end performance.  
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CHAPTER I 
INTRODUCTION TO SURFACE SCIENCE AND TRIBOLOGY 
 
1.1. Definition  
A surface can be described in simple terms to be the outermost layer of an entity. 
An interface can be defined to be the transition layer between two or more entities which 
differ either chemically or physically or in both aspects. J.B. Hudson in his book [1] 
defines a surface or interface to exist in any system which has a sudden change of 
system properties like density, crystal structure and orientation, chemical composition, 
and ferro- or para-magnetic ordering. 
 It is common knowledge now that any surface/interface can be examined closely 
using the high resolution microscopy and chemical characterization tools available. 
However it is wrongly assumed that this is the definition of surface science. It is wise to 
say that these tools have rather been built by humans to sate their innate curiosity of 
surface and interface interaction phenomena. They are now the arms and legs of surface 
science. In the author’s perspective, the branch of science dealing with any type and any 
level of surface and interface interactions between two or more entities is called Surface 
Science. These interactions could be physical, chemical, electrical, mechanical, thermal, 
biological, geological, astronomical and maybe even emotional.  
 
_____________ 
This thesis follows the style of Surface Science Reports. 
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Thus this field encompasses all other fields of science and everything related to 
the Universe. It in essence forms a basis for life. Tribology started out as the specific 
case of surface science dealing with mechanical interactions concerning mostly 
industrial applications. It is the study of surface phenomena of moving and interacting 
bodies in relative motion. It has now come to include physical and chemical interactions 
with those aspects widely recognized as tribophysics and tribochemistry respectively, 
and which are now in themselves full fledged sciences.  
 
1.2. History and Background 
It is said that one cannot appreciate the beauty of a science without proper 
reference to its history and epic efforts of earlier people. An effort is made in this chapter 
to give the reader an overall idea of the origin and scope of the field of surface science. 
Surface interaction phenomena have growing importance in a multitude of engineering 
and biological situations. As a result there are a number of sources of literature that 
contribute to our knowledge in this vast area of surface science [2]. The birth of surface 
science could perhaps be attributed to the first few moments of the Big Bang with all the 
complex surface interactions following the birth of the Universe. Scientific studies of 
different surfaces date back to the early days of physics and chemistry. Independent 
work in both these areas of science created two specialized fields within surface science 
called surface physics and surface chemistry respectively. Much later, biological surface 
science was explored. Surfaces are integral in medicine and biology as most biological 
reactions occur at the surfaces and interfaces [3]. However, the gap between all these 
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fields has bridged in the past few decades with science foraying into studies at the 
atomistic scale which seems to present an ultimate culmination point for all sciences. 
Perhaps the earliest known documented record of observations of surface 
physical phenomena are the inscriptions of the Babylonian cuneiform dating back to the 
time of Hammurabi (1758 B.C) which talk about a certain practice called Babylonian 
Lecanomancy [4] dealing with prophesies based on oil spreading on water. Caius Plinius 
Secundus, also known as Pliny the Elder (Roman Officer and Encyclopedist AD 23-79) 
had first mentioned in his encyclopedic work, Natural History, his observations about 
how oil smoothed the rough sea waters [5,6]. Manuscripts like De Proprietatibus Rerum 
(The Properties of Things) written by Franciscan Bartholomeus Anglicus dated 1250 
A.D outline the importance of surfaces by describing surface preparation techniques to 
achieve metal-metal bonding [7]. Plinys’ idea on oil water interaction was investigated 
by the great Benjamin Franklin (1706-1790) during one of his visits to London, England. 
He used a simple bamboo cane with a hollow top for storing oil as his experimental 
apparatus. He aptly credited Pliny for his discovery thus starting the respectful tradition 
of giving credit to honorable people of original research. An extract from one of 
Franklins’ original letters [8] talking about his experiments with oil and water is stated 
below: 
 
  At length being at Clapham, where there is on the common a large  
 pond which I observed one day to be very rough with the wind, I fetched  
 out a cruet of oil and dropped a little of it on the water. I saw it spread  
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 itself with surprising swiftness upon the surface; but the effect of   
 smoothing the waves was not produced; for I had applied it first on the  
 leeward side of the pond where the waves were greatest; and the wind  
 drove my oil back upon the shore. I then went to the windward side  
 where they began to form; and there the oil, though not more than a  
 teaspoonful, produced an instant calm over a space several yards   
 square which spread amazingly and extended itself gradually till it  
 reached the lee side, making all that quarter of the pond, perhaps half  
 an acre, as smooth as a looking glass. 
 
It is now known that the oil actually spreads out on water to the extent that a 
single uniform molecular layer is left. A century later, it was Lord Rayleigh (Nobel 
laureate in Physics, 1904) and Agnes Pockels (a German hausfrau) who investigated the 
surface properties of water. Infact Agnes Pockels discovered surface tension while doing 
experiments in her kitchen sink. She developed the apparatus for making measurements 
on surface films and some of her methods are still used as standard techniques. In her 
recognition, the minimum area occupied by a monolayer film is called Pockels point. 
Her work was recognized by Lord Rayleigh who helped her publish her first ever 
research in Nature in 1891 [9]. She followed this up a number of publications through 
1936, the citations of which can be found in the reference [10].  
First knowledge about membranes, which are so critical to biology, interestingly 
came through the study of lipids, chemistry, and interactions of oils with water pioneered 
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by the above people. At about the same time as Lord Rayleighs’ experiments with oil 
films, it was Charles Ernest Overton (1865-1933) who when working on his doctoral 
degree in Botany (1889)  at the University of Zurich, discovered important properties of 
cell membranes and their similarities with lipids [11,12]. The concept of membrane 
permeability and osmosis is a classic case of biological surface and interface 
interactions. Infact, biomedical surface science has emerged as one of the fastest thriving 
areas in the modern times. 
 One of the key concepts in surface science is adsorption in gas-liquid, liquid-
solid and gas-solid systems. Although the study of adsorption dates back to ancient 
times, the first quantitative observations were reported by Scheele [13] and Fontana [14] 
in independent studies. First Systematic efforts in this field were carried out in the early 
19th century by Saussure [15]. An excellent review dealing with interactions due to 
adsorption and its historical perspective can be found in the reference [16].  
In 1833 Michael Faraday was curious about a phenomenon observed by 
Dobereiner (1780-1849) a decade earlier. He observed that in the presence of platinum, 
the reaction between hydrogen and oxygen occurred far below their combustion 
temperature [17]. His astonishing insight into this mechanism of reaction at surfaces led 
him to put forth a theory on catalytic action (a name given by Berzelius in 1836) based 
on his experiments and it remains valid to this day. This was the first noteworthy event 
for the future of surface science, specifically surface chemistry. Two other key events 
central to the development of surface science were as follows: In 1874, Karl Ferdinand 
Braun (Nobel Laureate in Physics, 1909) discovered a phenomenon now called 
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rectification which solved one of the greatest problems for wireless technology [18]. In 
1877, J. William Gibbs laid down the mathematical foundations for statistical mechanics 
and thermodynamics. In this effort he completely described the thermodynamics of 
surface phases [19,20].  
Then came Irving Langmuir (Nobel Laureate in Chemistry, 1932) who made 
major contributions in knowledge of surface phenomena and whose stupendous efforts 
led to the recognition of surface science as a significant research field [21]. He 
developed the first quantitative theory of adsorption in 1915 and also did research on oil 
films, lipids, biofilms and molecular mono layers while working in the laboratories of 
General Electric at Schenectady, N.Y [12]. He also carried out fundamental research on 
work function of metals and came out with a detailed model on thermionic emission 
[21]. A comprehensive collection of his multidisciplinary research pursuits is found in 
the classic historical reference [22].  
Surface physics was in a nascent stage since the discovery of the electron and the 
atom, and it wasn’t until the 1960’s that surface physics actually progressed to be an 
independent field. This was made possible by the ultra-high vacuum technology, newly 
developed sophisticated surface analysis tools and digital age computers which allowed 
for comparisons of actual theoretical calculations with available reliable experimental 
data [21].  
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Earlier events that had a direct impact on surface physics development were the 
work on thermionic emission by Irving Langmuir, the explanation of photoelectric effect 
by Albert Einstein (Nobel Laureate in Physics, 1921) and the confirmation of the De 
Broglies’ assertion of wave nature of quantum mechanical particles through electron 
diffraction by Clinton Davisson and Lester Germer [21]. Davisson shared the Nobel 
Prize for Physics in 1937 with G.P. Thompson. The next two decades produced intensive 
theoretical research in this field.  
The invention of the transistor in 1947 marked a milestone in the lineage of 
surface physics. Reckoning work in solid state physics and semiconductors picked up 
pace after the war and since then surface physics has been moving along at a steady pace 
with new theories being put forward and contributions from several rewarding 
researchers. The study of surface science received a big thrust with the invention of 
newer and more powerful surface characterization tools in the mid 20th century which 
allowed for both sophisticated physical and chemical analyses. A classification of some 
of the important areas in the different fields of surface science is shown as an illustration 
in Figure 1. 
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Figure 1: Classification of some important areas in Surface Science 
 
 
Tribology has an interesting tale to tell about its own remarkable history. The 
mechanical manifestations of surface interactions like friction and wear have been 
known in some form right from pre-history. These attributes along with the study of 
lubricants and lubrication theory, additives, and bearings form the core of Tribology 
[23]. This science has attained a great deal of technological and economical importance 
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very quickly due to its deep focus on industrial and day to day device applications. The 
word Tribology is derived from the Greek root “tribos” which means rubbing and 
“logos” which means to study. The word was coined in the late 1960’s by the Jost report 
[24] which advised the then British government to look into the severe economic loss 
caused due to the mechanical surface interactions.   
Tribology has much longer roots longer than what meets the eye. Evidence 
suggests that the Stone Age which covered a period of about a million years had early 
man taking interest in devices which required plain bearings. His requirement of tools 
for various purposes instinctively involved Tribology. There are reports of stone and 
wooden door sockets, boring tools and hand held bearings on drill spindles being 
developed in this age. The six earliest civilizations of the world located in Mesopotamia, 
Egypt, India, China, Central America and South America each had significant 
tribological contributions to make to the world. Among the more important ones are the 
potter’s wheel, simple bearings, drill tools, wheeled vehicles, use of lubricants (water, 
bitumen, vegetable and animal based oils), sledges, metals and porcelain. The 
advantages of rolling over sliding were recognized in the Greek and Roman period with 
the development of rolling-element bearings and other developments of machinery 
around the world. Though the tribological development during the middle ages was 
slow, the importance of combating wear was recognized as evidenced by the use of hard 
pebbles in carts and ploughs in the later period of this era. Scientific recognition of 
Tribology emerged in the Renaissance period which had geniuses like Leonardo da 
Vinci, who made significant contributions in studies of friction, wear, bearing elements, 
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rolling-element bearings, plain bearings, lubrication, gears, and screw-jacks to name a 
few. There were many other notable contributions by people in this period which truly 
set the stage for steady development of Tribology in the time to follow. The 17th and 18th 
centuries and the Industrial Revolution saw progress in this field leading to the current 
knowledge that we have in this widely explored but still largely unfathomed field. [23] 
It is interesting to note the historical applications of friction in the flow of time. 
Friction is perhaps the oldest phenomenon that presented utility to man. The first 
applications of friction date back to the prehistoric times, the first being lighting a fire 
through frictional rubbing and the second, in easing transportation of heavy goods by 
developing rollers, wheels and sleds about three millennia ago through an understanding 
of frictional phenomena [2]. As noted earlier, the scientific study of friction perhaps was 
started by Italian genius Leonardo da Vinci (1452-1519) who had an astonishing 
curiosity and foresight in both science and art alike. The two basic tenets of friction that 
the resistance offered by friction is directly proportional to load and that it is 
independent of the area of sliding have been long known and were experimentally 
verified by Leonardo da Vinci in the 15th century [25]. French engineer Guillaume 
Amontons [26] restated these laws in 1699 followed by Charles Augustin Coulomb,  
who verified the laws in 1781. Coulomb demarcated static friction from kinetic friction 
and published his work in 1785 [27]. This was followed by friction studies of Morin 
during the early 1830’s [28]. It must also be recalled that Leonhard Euler (1707-1783), a 
great mathematician, had important contributions to the mathematical formulations of 
friction which he reported through his three landmark papers [29-31]. The analytical 
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approach to friction and the well-known symbol µ used to represent coefficient of 
friction are his gifts to this field. 
These early efforts essentially described friction in terms of what is called the 
“roughness hypothesis” which states that friction is due to tangential resistance offered 
by the interlocking of the asperities and protuberances of the two surfaces in relative 
motion. This was sufficient to support the experimental observations that frictional force 
is proportional to the load and independent of the area of contact [2]. However, work by 
the Hardy duo [32] and Tomlinson [33] bolstered the “adhesion hypothesis” which 
presented a better model of friction as shown later by Holm [34] , Ernst and Merchant 
[35], and Bowden and Tabor [25]. This hypothesis was based on the premise that friction 
is a result of adhesive forces between the contact surfaces. This approach could also 
explain the variable frictional behavior on contaminated surfaces.  
The shearing, deformation and plucking away of the metallic junctions formed 
by adhesion and welding together of surface asperities constitute surface damage 
recognized as physical wear of materials [25]. A generally accepted broad classification 
of wear is as follows: adhesive, abrasive, erosive, corrosive delamination, surface 
fatigue, fretting, and three body wear [2]. Detailed history and theories of friction, 
adhesion and wear can be found in the references [2,23]. An experimental study of the 
physical and chemical processes during frictional sliding, lubrication and wear 
phenomena is found in the famous book by Bowden and Tabor [25] which is a must-read 
for all tribologists. However, it was John Frederick Archard (1918-1989) who pursued 
study of wear and lubrication enthusiastically in the 1950’s and 1960’s. His work 
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advanced the modeling of adhesive wear and he developed the famous “Archard wear 
law” [23]. It should be pointed out here that the development of the hydrodynamic 
theory by Osborne Reynolds [36] in 1886 set the pace for the future of lubrication 
research. Further developments like the elastohydodynamic theory (EHL), which is one 
of the tribological milestones of the 20th century spurred extensive studies in bearings 
and gear lubrication. Another area of development in surface science was surface 
coatings technology with the advent of advanced deposition coating methods like 
Chemical Vapor Deposition (CVD) and Physical Vapor Deposition (PVD) in the later 
part of the century [37].  
 
1.3. Challenges in Tribology 
Surface science is a truly multi-disciplinary field and offers integration of 
knowledge in all sciences in its research pursuits. The industrial relevance of the area 
called tribology has motivated enthusiastic research in many practical and real life 
applications. A fundamental understanding of friction, wear, and lubrication has yet to 
satisfy the needs of technology development. Interesting issues are, for example, the 
changing material properties during friction; strengthening of engineering materials and 
surfaces; new methodology of modifying surfaces; and innovative methods to protect, 
repair, and maintain engineering surfaces.  Obtaining understanding of fundamental 
aspects of friction and wear and developing new methods for surface engineering and 
materials protection have significant impacts on surface science and tribology. The 
importance of improving surfaces of materials cannot be underestimated as major issues 
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related to surface from a practical application point of view remain unexplored. Issues 
such as failure of machinery and wear of transportation systems such as railroads are 
some reckoning problems. There is a need for high performance coatings, economical 
methods of producing such coatings, as well as fundamental understanding in 
tribosystems, tribochemical interactions and surface properties, etc. Recent development 
has lead the tribological research toward environment friendly and more energy efficient 
approaches while striving for higher reliability and consumer satisfaction. New emerging 
areas like biotribology and micro and nano tribology for MEMS and NEMS devices 
have attracted great attention. The study of lubricants will press for more biofriendly and 
biodegradable formulations. The limited oil resources of the world call for extended 
research in self-lubricated and controlled friction devices. Tribology in extreme 
environments will become important as the demand for performance increases in 
industry. Tribology of space components is an interesting and challenging field for the 
future. Study of friction and wear at the atomic scale can reveal the underlying cause for 
these basic phenomena. A few of industrially important but neglected areas of tribology 
are the study of friction and wear in railroads, grease lubrication and seals [37]. Friction 
induced phase transformation and nanostructures are an attractive area in surface 
engineering. A holistic approach in formulating methods to determine reliability and 
better predict the lifetime of machines and products is imminent. This would require 
synergistic expert systems and condition monitoring in tribology. On an ending note, 
perhaps a unified theory on friction, wear and lubrication will allow for enhanced and 
efficient assimilation of the current fragmental knowledge in the field [37].  
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1.4. Motivation of Research 
There are two major objectives in this research. One is to obtain basic 
understanding in fundamental effects of friction on material properties. The second is to 
develop a novel methodology to engineer material surfaces to suit the relevant 
tribological application. This research uses experimental approaches to investigate 
tribological behavior of metallic materials leading to a novel technology to surface 
engineer railroads for tribological augmentation. 
A fundamental study of friction and wear in different materials was undertaken 
leading to a basic understanding of these surface phenomena. This knowledge was 
combined with lubrication theory and applied to known tribological problems in 
railroads. Tribological problems in the railroad industry are significant in terms of the 
amount of annual loss incurred due to wear alone around the world. The cost of repair 
and replacement runs into several billions of dollars in the United States alone. A one 
percent reduction in the overall wear can result in the saving of a few billion dollars. 
There has been some notable work to improve the wear resistance through metallurgical 
improvement of the rail steels. However, with increasing axle loads and user demand, 
this approach has now reached its limit and no longer offers a feasible solution. Now the 
focus has changed to improve the lubrication systems used in the industry with an effort 
to reduce wear. Another approach explored has been the use surface coatings. The rail 
industry offers an open ended challenge to any tribologist. 
 A new approach of producing a wear resistant tribofilm coating during normal 
operation of the trains using nanotechnology has been explored in this research. This 
  15 
technology is derived from a synergistic combination of fundamental principles of 
energy at the nano-scale and lubricant chemistry, externally stimulated by mechanical 
activation. 
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CHAPTER II 
TOOLS OF TRIBOLOGY 
 
2.1. Tribometer 
The tribometer is an instrument which is widely used to study the friction and 
wear of different materials. Friction and wear has been a subject of study since the early 
human times. However the first quantitative work in friction is widely attributed to 
Leonardo da Vinci in the 15th century as discussed in the last chapter. Scientific studies 
of wear though had little development until the mid 20th century. The tribometer is 
basically a machine which enables two materials surfaces to move in relative motion to 
each other in different contact modes. Parameters like normal load, speed of motion, 
temperature, pressure etc. can be controlled to simulate the real wear processes of 
industrial machinery parts or any other application involving a tribological pair.  One of 
the first reported wear testing machines was developed by Mr. Charles Hatchett [38] 
during the reign of King George III (1760-1820) of the United Kingdom. The King had 
commissioned two fellows of the Royal Society, Mr. Charles Hatchet and Mr. Henry 
Cavendish in February 1798 to inquire into the considerable loss which the state gold 
coins seem to have sustained by wear within a certain period. This reciprocating wear-
testing machine was remarkable in that it was designed to have a continuous change of 
rubbing direction to avoid the formation of wear grooves in a particular place which 
would accelerate the wear in the coins [23]. Thus the wear data would be more 
representative and practicable. Ironically, most modern tribometers have ignored this 
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important design aspect and have wear tracks running over the same wear path 
repeatedly as will be seen further in this section. 
Various contact mode configurations have been devised to simulate the different 
tribological pairs occurring in life. Some of the important configurations are illustrated 
in Figure 2. All these basic tribo pairs enable a point, line or flat contact at the interface 
between the two test surfaces (as per ASTM standards). 
 
 
 
Figure 2: Different test configurations. a) line contact b) point contact c) line contact d) circular flat 
contact e) point contact 
 
 
Figure 3 shows a modern day commercial reciprocating pin-on-disc 
configuration tribometer. Here a flat sample is moved across the counter face slider 
(static friction partner or tribometer pin) by means of a linear reciprocating stage. The 
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sample and the counter face can be made of same or different materials as per the test 
specifications. A desired normal load is applied over the tribometer pin and the linear 
speed of the reciprocating stage can be controlled. The tribometer arm measures the 
tangential force (friction force) through the lateral movement when the sample is 
reciprocating against the counter face. The sensors transmit the force signal to the 
controller. The controller directly presents the output data on a computer screen as a plot 
of coefficient of friction versus time. The experiment can be performed in a controlled 
environment (specific temperature, vacuum etc.) using specially designed sealing 
chambers and heating stage accessories. Other types of relative motion (e.g. circular) 
between the sample and the counter face (contact partner) can be achieved by replacing 
the reciprocating stage with a rotating cup mounted on the cam shaft. 
 
 
 
Figure 3: Reciprocating module Tribometer configuration 
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2.2. Surface Characterization Techniques 
There is a need for surface analysis both before and after conducting tribometer 
experiments to understand mechanisms of the tribological process. Various sophisticated 
surface characterization tools are available today to study the details of the surface like 
morphology, surface parameters, and surface physical and chemical properties. The 
underlying general principle of most such instruments is stimulus of a sample surface by 
means of a source signal and analysis of the resultant signal generated from the sample. 
Bombarding a surface with high energy particles or providing an energy stimulus by 
different means results in emission of different type of particles from the surface. 
Different tools use a combination of one or more of these output signals to derive 
meaningful data. Figure 4 shows an illustration of different input signals. Table 1 
summarizes typical input/output signals and the instruments that use these signals 
(Acronyms are expanded in Nomenclature). A few such important surface tools 
extensively used by the author in his research are briefly discussed below.  
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Figure 4: Different input signals used by the surface characterization tools 
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Table 1: Classification of some characterization techniques based on input/output signals 
Input Signal Output Signal Characterization Technique 
Electrons 
LEED 
RHEED 
ILEED 
EELS 
REELS 
HREELS 
STEM 
TEM 
SEM 
AES 
Photons 
CL 
CIS 
APS 
SXAPS 
XES 
SXES 
Ions EIID EPSMS 
Neutrals EID SDMM 
Electrons 
X-rays 
EDX 
WDX 
EPMA 
Electrons INS 
Photons IIR PIX 
Ions 
TOF-SIMS 
SIMS 
ISS 
RBS 
Ions 
Neutrals Sputtering 
Electrons UPS 
Photons 
IR 
ELL 
OM 
RS 
Photons 
Neutrals Photo Desorption 
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(Table 1 continued) 
Input Signal Output Signal Characterization Technique 
X-rays Electrons XPS (ESCA) 
 X-rays 
XRD 
SAXS 
TXRF 
XAFS 
EXAFS 
SEXAFS 
NEXAFS 
XANES 
Magnetic field Electromagnetic wave ESR NMR 
Neutral + Electric field Ion FIM 
Electric field Tunneling current SPM 
Thermal energy Heat dissipation TA 
 Desorbed atoms and molecules TDS 
 
 
 
2.2.1. Profilometry 
The profilometer is an instrument which maps a sample surface morphology. 
There are two types: contact mode and non-contact mode. The contact mode tip has a 
very sensitive probe which is traversed slowly along a surface. The probe is generally 
made of a hard material like diamond and is somewhat rounded at the tip. The 
movement of this tip in the lateral and vertical directions is monitored by a controller 
which transmits the output signal to a computer. The screen displays a line profile of the 
traversed path. The sensitivity of this instrument is a few microns depending on the 
radius of the probe.  The profilometer also measures the roughness and waviness 
parameters of the surface using one of the standard methods available. Figure 5 shows a 
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modern day contact mode profilometer. An illustration of the typical output from a 
profilometer is shown in Figure 6. 
 
 
Figure 5: Dektek Profilometer at Materials Characterization Facility [39], Texas A&M University 
 
 
Figure 6: Typical surface line profile on a rough sample
 
 
2.2.2. Electron Microscopy 
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 After the discovery of the electron by J.J. Thompson in 1897, it was Debroglie 
[40] who in 1929 proved that electrons have properties of waves. Busch [41] first 
demonstrated that the path of electrons can be deflected by magnetic lenses just like light 
could be deflected by an optical lens. This discovery eventually led to the invention of 
the electron microscopes in early 1930’s. The Scanning Electron Microscope (SEM) and 
the Transmission Electron Microscope (TEM) are two classes of the electron 
microscope. These microscopes take advantage of the much shorter wavelength of the 
electrons when compared to light which is used in light microscopy. This results in a 
much higher magnification and improved resolution making it possible to view the 
molecular structure. Chemical investigation is possible in these microscopes using 
techniques like Electron Dispersive Spectrometry (EDS), Wavelength Dispersive 
Spectrometry (WDS), Electron energy Loss Spectroscopy (EELS) and Electron 
diffraction. The TEM and SEM complement each other very well with the information 
that can be derived from analysis of a sample. Both these microscopes are now used for 
research in almost all fields of science. 
 
2.2.2.1. Scanning Electron Microscopy 
  The Scanning Electron Microscope (SEM) is one of the most powerful and 
versatile present day material characterization tools available. It is applied to study a 
wide range of materials including metals, non-metals, semiconductors and biological 
specimens. The capabilities of the SEM and its variants extend from high resolution 
topographic imaging to both qualitative and quantitative chemical analysis. The three 
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dimensional feel of an SEM image has opened up new possibilities in the field of 
microscopy. The SEM provides a fast and easy way of analyzing a given sample with its 
relatively simple sample preparation techniques when compared to the TEM. The 
earliest reported work describing the theoretical feasibility of an SEM was in 1927 by H. 
Stintzing who later filed a German patent in 1929 [42]. The first scanned electron image 
was produced by Max Knoll in 1935 [43]. However the potential of the SEM remained 
dormant due to the parallel rapid development of the Transmission Electron Microscope 
(TEM). It wasn’t until 1942 when the first SEM used to study thick specimens was 
described by Zworykin et. al. [44]. In the next few years, C.W. Oatley and his student D. 
McMullan developed their first SEM with a resolution of 50 nm [45]. Subsequently, 
crucial work by many others [46-51] over the years has improved the capabilities of the 
microscope to the most current configuration. The first SEM’s were commercialized in 
the mid 1960’s. A lateral resolution of 1-5 nm and a depth resolution of 1-10 nm have 
been achieved in the modern SEM [52]. In the SEM, a finely focused electron beam is 
rastered across the surface of the specimen to form images using electron detectors and 
cathode ray tubes. The two major imaging modes of the SEM use secondary electrons 
and the backscattered electrons respectively as input signals. For the purpose of chemical 
characterization using X-ray analysis (EDS), the beam can be maintained static to do 
point analysis. In the modern day SEM, the electron beam can be rastered during 
chemical analysis to generate chemical area maps of the specimen. This is often a very 
useful tool in material, biological and forensic sciences. For a detailed review on the 
history and working of SEM, please refer to [52,53]. An illustration of the SEM is 
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shown in Figure 7. A typical scanning electron micrograph is shown in Figure 8. The 
depth of field or vertical resolution is clear in this picture which shows a stack of spores 
of Bacillus subtilis. 
 
 
                          
Figure 7: JEOL JSM 6400 Scanning Electron Microscope at Microscopy and Imaging Center [54], 
Texas A&M University 
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Figure 8: SEM image showing dry spores of Bacillus subtilis 
 
 
2.2.2.2. Transmission Electron Microscopy 
The Transmission Electron Microscope (TEM) was the first type of electron 
microscope to be introduced in 1932 by the work of Knoll and Ruska in Germany [55]. 
The SEM development by the creators of TEM followed shortly. During the early period 
of electron microscopy, the efforts of developing the TEM far exceeded the ones for 
SEM with the TEM’s being commercially available as early as 1940’s. The TEM has a 
much higher resolution than the SEM. Typical resolution of the modern TEM is < 2 Å. 
The best resolution achieved so far is 0.6 Å. The TEM for the first time presented the 
biologists with a view of the cell structure and the very macromolecules that made up the 
cells. The materials scientists could perceive the atomic structure and crystal lattice 
using high resolution transmission electron microscopy (HRTEM) and electron 
diffraction. However the specimen preparation techniques for TEM are quite tedious and 
time consuming. The TEM is fundamentally different from the SEM in its operation. 
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Both imaging and chemical characterization of the specimen can be done in the TEM.  
The TEM projects electrons through a very thin slice of specimen onto a phosphorescent 
screen creating a two dimensional image. The image has bright and dark areas which are 
proportional to the number of electrons that are transmitted through different density 
areas of the specimen. Elemental characterization is possible by analyzing the X-rays 
generated by the specimen (EDS) and EELS. The TEM is a very useful analytical tool 
and can give accurate quantitative results. Modifications of the TEM have produced the 
scanning transmission electron microscope (STEM) which combines the features of the 
SEM and TEM. Further information on the development and operation of the TEM can 
be found in reference [56]. An illustration of the TEM is shown in Figure 9. A typical 
TEM image is shown in Figure 10. This picture shows the lattice fringes of a crystalline 
boron particle against the background of amorphous carbon. 
 
 
                            
Figure 9: JEOL JEM 6400 Transmission Electron Microscope at Microscopy and Imaging Center 
[54], Texas A&M University 
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Figure 10: TEM image of a crystalline boron particle showing lattice fringes 
 
 
2.2.3. Atomic Force Microscopy 
The field of Nanotechnology took a dramatic turn with the introduction of the 
Atomic Force Microscope (AFM) in 1986. This invention was pioneered by G. Bennig 
and C. F. Quate [57] who built the AFM based on the underlying principles of Scanning 
Tunneling Microscope (STM) and the stylus profilometer. Using an AFM, one can 
create a highly magnified three dimensional surface topographic map of a specimen. It is 
possible to measure surface features with dimensions of the order of a few nanometers 
through a magnification of up to 1,000,000x [58]. The AFM works by raster scanning an 
atomically sharp probe on a surface to map the morphology. The probe is usually grown 
out of single crystal silicon. This probe is mounted on a cantilever which deflects an 
incident laser beam on to a photo detector based on the movement of the probe. The 
  30 
physical interaction of the probe with the surface enables measurement of surface 
properties like friction, phase difference, adhesion force and hardness. Figure 11 shows a 
commercial AFM. The scanning can be done in two modes namely the contact mode and 
the noncontact mode respectively. An illustration of the two modes is shown in Figure 
12. In contact mode, the tip follows the surface profile while in noncontact mode, the 
change in the vibration amplitude or phase of the cantilever is monitored. Both modes 
give a topographic image of the surface. The phase difference is measured in noncontact 
mode and the friction behavior is monitored in contact mode scanning. Typical 
noncontact mode topographic and phase images are shown in Figure 13. 
 
 
 
Figure 11: Nano-R™ Atomic Force Microscope (Pacific Nanotechnology Incorporated) at the 
Surface & Interface Science Lab, Texas A&M University 
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Figure 12: Working modes of the Atomic Force Microscope a) contact mode b) noncontact mode 
 
 
 
Figure 13: Noncontact images of a polished pure Al surface.  Topographic image (left) and phase 
image (right) 
 
 
2.2.4. X-ray Photoelectron Spectroscopy 
X-Ray Photoelectron Spectroscopy (XPS) is a very sensitive tool for surface 
analysis of a wide variety of materials including metals, ceramics, polymers, biological 
materials, and semiconductors. The specimens can be solid, liquid or gaseous [37]. The 
first work reported in literature about the X-ray Photoelectron Spectrometer was by R.G. 
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Steinhardt et. al. who in 1953 studied the influence of chemical and physical properties 
of a surface on the emitted photoelectrons [59]. This technique was also known as 
Electron Spectroscopy for Chemical Analysis (ESCA), which was the popular acronym 
given by Kai Siegbahn who made significant contributions to the development of XPS 
[60,61]. He was later awarded a Nobel Prize for Physics in 1981 for his work. The top 
few atomic layers can be studied using this technique. The working principle of XPS 
involves irradiating a solid with mono-energetic soft X-rays under high vacuum, and 
analyzing the emitted electrons based on energy [62]. The output signal is plotted 
showing the number of detected electrons as a function of their kinetic or binding 
energies. Every element has a unique spectrum showing specific peaks like a fingerprint. 
A combination of elements will show a peak which may be approximated to the sum of 
the individual peaks. Peak positions from various elements have been standardized in the 
handbooks. It is possible to identify the chemical states present from the exact 
measurements of peak positions and separations. Quantitative data can be obtained by 
measuring the peak heights or peak areas. A comprehensive study of history of 
photoemission and the principles of XPS can be found in the references [62,63]. An 
illustration of XPS is shown in Figure 14. A sample spectrum from XPS is shown in 
Figure 15. A conjugate tool called Auger Electron Spectroscopy (AES) provides an 
effective method to study thin films and interfaces. It has high lateral resolution and very 
good sensitivity to analyze the top few nm of specimen surface. Detailed information on 
AES can be found in the reference [1]. 
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Figure 14: Kratos Imaging X-ray Photoelectron Spectrometer at Materials Characterization Facility 
[39], Texas A&M University 
 
  
 
Figure 15: XPS spectrum of the surface of steel rubbed with a vegetable oil based lubricant 
 
 
2.2.5. X-ray Diffraction 
This is a very powerful characterization tool for nondestructive qualitative and 
quantitative analysis of crystalline materials. X-ray diffraction (XRD) is utilized to 
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identify the chemical constituents of the bulk crystalline substances. It can also give 
information about the crystallanity of a specimen, different grain orientations, strain 
states and defect structure. The underlying principle is that of Bragg’s law of diffraction. 
This technique is very sensitive to the lattice spacing and crystal structure. A 
monochromatic X-ray source is used to irradiate the surface of the specimen.  
These X-rays are diffracted to different angles by the atomic lattice which acts 
like a three dimensional grating, giving a diffraction pattern that includes the positions 
and intensities of the diffracted beam [64]. Different chemical phases and compounds 
can be identified due to the uniqueness of peaks defined by the positions and intensities 
for each compound. A comprehensive database of currently identified powder diffraction 
patterns exists in the International Centre for Diffraction Data (ICDD®). Figure 16 
shows a modern day X-ray Diffractometer. X-ray spectrum of steel is shown in Figure 
17.  
Some other commonly used surface sensitive non destructive techniques based 
on the principle of diffraction are Low-energy electron diffraction (LEED) and reflection 
high-energy electron diffraction (RHEED). These techniques use electrons in high 
vacuum in place of X-rays which are used in XRD. They can provide surface 
crystallographic information in contrast to the bulk information provided by XRD. They 
are mostly used to study surfaces, interfaces and thin films. More information on the 
functions of LEED and RHEED can be found in the reference [1].  
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Figure 16: Bruker D8 Powder X-ray Diffractometer at X-ray Diffraction Laboratory [65], 
Department of Chemistry, Texas A&M University 
 
 
 
Figure 17: X-ray spectrum of a steel surface showing distinct iron peaks at specific angles based on 
the crystal structure 
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2.2.6. Nanoindentation 
The nanomechanical properties of submicron regions of a flat specimen can be 
directly evaluated using a technique called Nanoindentation. The indentation resolution 
is of the order of a few nano meters and the load used can be controlled to the order of a 
few µN [66]. The nano-scale properties such as hardness and young’s modulus of thin 
film materials can be determined using this method. The indentation tips are made of 
diamond and have different geometries depending on the application. The piezo sensors 
track the vertical movement of the tip at each increment of the changing normal force. 
The output data is plotted as a loading/unloading curve showing normal force versus 
depth of penetration [67]. Various relationships have been developed to estimate the 
hardness and modulus using this data. Figure 18 shows a commercially available 
Nanoindenter. An illustration of the working principle is shown in Figure 19. Modern 
Nanoindenters have a built in optics and AFM system which allows for easy location of 
the indents with both pre and post scanning ability. 
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Figure 18: Hysitron Nanoindenter at Materials Characterization Facility [39], Texas A&M 
University 
 
 
 
 
Figure 19: Schematic of working principle of Nanoindenter 
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CHAPTER III 
TRIBOLOGICAL PROBLEMS IN RAILROADS 
 
3.1. Introduction 
The railroad industry presents some of the most interesting but challenging 
tribological problems to the researcher. This chapter introduces the typical wear 
behavior found in the railroads and some current prevalent measures to combat this 
problem. The author outlines his approach to the given problem as a closing note to the 
chapter. 
Figure 20 illustrates a train wheel set showing the important railroad 
nomenclature.  Rail wear is a complex phenomenon and has been an ever-growing 
problem in the rail industry, especially with the increasing axle loads and rail traffic. 
Several efforts are on around the world in search of ways to delay the failure of rails 
through wear. A summary of the different forms of rail wear is shown in Figure 21. 
Various sophisticated and bulky machines have been designed to study the rail wear in 
laboratories. The most popular ones used almost exclusively are the ball-on-disc 
tribometer for studying the rail/ wheel flange sliding wear and the twin disc rolling-
sliding machine for simulating the top of the rail wear [68-77]. However, these machines 
cannot be used for testing both sliding and rolling-sliding wear. A disadvantage of the 
twin disc machine is that it provides a line contact between the two discs [78]. The real 
rail/wheel contact is generally a point or a small elliptical area. Certain modifications of 
these configurations have been employed to better simulate the real conditions but this 
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brings in higher cost and more sophistication. The pin-on-disc machine can effectively 
simulate the sliding wear. However, the uni-directional sliding generates a circular wear 
track that can be used to study the wear under normal loading conditions only. Recently, 
the study of wear under reversal loading has gained importance. This calls for further 
modifications of the existing apparatus. Various research groups have studied the 
operative rail wear mechanisms under lubricated and dry conditions. Standards like 
ASTM D4172 and DIN 51834 are used as a measure of lubricant effectiveness in 
preventing wear [79-81]. Currently a range of lubricants and lubricating systems exist in 
the rail industry.  
  
 
 
Figure 20: Nomenclature in railroads 
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Figure 21: Classification of rail road wear 
 
 
 
3.2. Problem Definition 
The task of this project is to develop a method for tribological augmentation of 
railroad surface to reduce the occurrence of chemical and mechanical wear. To prove 
economical, this method should incorporate functionality during regular track operation 
thus reducing downtime. The scope of the project involves study of operative friction 
and wear mechanisms at the rail/wheel interface. 
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3.3. Wear in Railroads 
3.3.1. Wear Mechanisms of Railroad 
The wear mechanisms of the railroad typically involve multiple contact modes 
which are depicted in Figure 22. Wear behavior can have both direct and indirect effects 
upon the stress within the rail, and therefore is a factor of prime importance in assessing 
the serviceability of the rail. The serviceability of a rail is a reflection of how well the 
rail meets the requirements by resisting structural failure and excessive wear. The upper 
limit on serviceability is structural integrity. Excessive wear is one of the most 
prominent reasons for rail removal. The macroscopic crack growth rate in most metals 
responds to approximately the fourth power of stress. Therefore a relatively small 
decrease in section modulus can result in a very large increase in crack growth rate. It is 
reported however that modest wear may be something of an advantage, since rails with 
moderate wear have shown a lower service induced defect occurrence rate [82-84]. The 
different wear mechanisms pertaining to the wheel/rail interface are shown in Figure 23. 
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Figure 22: Contact modes of a rail/wheel interface 
 
 
 
Figure 23: Wear mechanisms of the rails 
 
 
The contact region between rail and the wheel is normally located as a single 
point contact on the railhead and includes an adhesion zone and a slip zone (in tangent 
tracks and curves with big radii). In sharp curves, two-point contact can occur 
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depending on wheel/rail profiles and dynamics. The flange contact encounters pure 
slip, as compared to the railhead contact. The curve radius and track elevation give 
wear or rolling contact fatigue (RCF) damage which is a major concern in the rail 
industry. In general, small curve radii result in flange wear while more moderate radii 
result in RCF damage [85]. Squats, shelling and head checks are classified under RCF. 
Head checks which are observed in curves and switches because of flange rail contact 
at the gauge corner are caused due to increased slip and decreased wheel-rail contact 
area. These can ultimately lead to rail failure. A major environmental concern is the 
high noise emission due to the stick-slip at the wheel-rail interface. The INFRA-STAR 
project focused on developing a surface coating to be applied on the rail head in order 
to prevent RCF and reduce noise emissions in small radius curved rail [86]. 
High axle loads (HAL) cause rail head shelling in operational rails. Shelling 
begins about 4 to 6 mm below the running surface of the rails. Also called fatigue 
ruptures, these are caused by the long-term fatigue strength of the rail being exceeded 
[87]. Rail wear is broadly classified into fatigue wear and adhesive wear. Flaking, 
shelling and spalling are fatigue forms of wear. Gage face wear and a portion of surface 
wear on the outer rail are predominantly adhesive forms of wear. Delamination and 
some abrasive types of wear are also present. It is observed that the inner rail in curves 
usually experiences substantial plastic flow of metal towards the field side. Another 
mechanical form of wear called corrugation exists in railroads. The characteristic of a 
sinusoidal run in rail heads is the main cause of corrugation. Although both vertical and 
lateral wear could be attributed to a plastic deformation and fracture mechanism, there 
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are two factors which complicate the vertical wear of rails [88]. First, there is the 
influence of atmospheric corrosion on the fracture process. Second, the rolling/sliding 
action of the wheel tread gives rise to surface phase transformations in the rail 
commonly observed with ferrous materials which have experienced rubbing contact 
[89]. This does not occur with flange/rail contact on curves. Corrosion can be a problem 
in unlubricated tracks. When a train passes over the track, the corroded material is 
removed by the wheels. This is a type of wear by way of material loss over time. Some 
real life examples of rail wear are depicted in Figures 24 - 26. These pictures were taken 
at TTCI, Pueblo, Colorado by the author. 
 
 
 a b 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 24: a) Surface wear: shelling, adhesive wear b) Flaking 
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Figure 25: a) Surface crack b) corrosion c) fatigue tache ovale [90] d) fatigue failure [90] 
a 
c d 
b 
 
 
 
Figure 26: a) Undeformed rail b) Gage wear and plastic flow after service 
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The fact that the rails are always in a state of plastic deformation coupled with 
the high temperatures involved, allow for structural transformation of the surface layers. 
The phase transformation process can be explained as follows. Under operating 
conditions, the rail steel plasticizes resulting in work-hardening. Because of this 
phenomenon and the fact that there is high slippage between the wheel and the rail, very 
high temperatures (flash temperature) appear briefly in the contact area. These 
temperatures can lie above the transformation point of steel. There is extremely rapid 
cooling due to the large heat capacity of the bulk. This drastic quenching of the 
momentarily heated points results in the formation of martensite (phase transformation). 
This is termed as “friction martensite” [91]. 
The gage/flange wear is amplified when the train is traveling at high speeds or 
traversing steep curves. At higher speeds, there is instability introduced into the course 
of the wheel set. This instability or an occurrence of resonance cause the wheel-set to 
strike hard  against the rail, which results in the higher wear of the wheel flange. An 
elaborate study of rail wear can be found in work done by Kalousek et al [92]. 
 
3.4. Lubrication in Railroads 
Lubrication has been sought as a long term solution to the rail road wear 
problems. It is found that lubrication in fact significantly reduces the rail gage wear and 
drastically decreases the squeal and noise in railroads. It also helps reduce the lateral 
forces which cause the flange wear and a part of top of the rail wear due to high friction 
and hence directly help reduce energy and fuel consumption. This is an effective method 
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for the problems at the gage/flange interface. The top of the rail lubrication (TOR) has 
gained focus over the past decade or so. Here a new family of materials called friction 
modifiers (FM) has been investigated for top of the rail application. These materials 
have distinctly different behavior from the conventional lubricants and display different 
performance characteristics. FM’s can hit a plateau of target friction with time and this is 
crucial to the railroads since friction is important for traction and braking on the top of 
the rails. The regular lubricants will tend to reduce the friction coefficient with time. 
Different commercial manufacturers design their custom friction modifiers for different 
target friction values based on their experience and research. A typical target value for 
the top of the rail friction value is 0.15-0.45. Kelsan Technologies Corp. designs FM 
with a target friction range between 0.30 and 0.35. A Chicago based manufacturer, 
Friction Management Services LLC has designed a product called TracGlide which 
provides a coefficient of friction (COF) of 0.15 under normal rolling conditions and 0.5 
under traction or braking conditions. Table 2 summarizes the important differences 
between these two classes of materials [93-95]. There are lubrication systems in place 
for delivering both these materials to the target areas of application. Typical systems 
include computer controlled on board train systems, intelligent way side systems and hi-
rail systems.  
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Table 2: Lubricants vs. friction modifiers 
Lubricants Friction Modifiers 
Low coefficient of friction Intermediate coefficient of friction 
Negative friction behavior: COF decreases 
with increased sliding velocity and creep 
Positive friction behavior 
  
Types: Solid, liquid, petroleum based, bio 
degradable, organic 
Types: Solid, water based, petroleum 
based, bio degradable 
Examples: oils, greases, synthetic 
polymers 
Examples: engineered dry composite solid 
water soluble suspensions, polymer based 
matrix 
Possible additives: anti wear, low friction, 
high pressure 
Possible additives: anti wear, controlled 
friction, high pressure 
Application region: gage/flange Application region: top of the rail (TOR) 
Application methods: on board 
Application methods: on board, wayside, 
hi- rail 
Track retentivity: low Track retentivity: high 
Potential uses: lateral force reduction, 
wear reduction, prevention of crack 
initiation,  energy and fuel savings 
Potential uses: noise and squeal reduction, 
lateral force reduction, wear reduction, 
prevention of crack initiation, prevention of 
crack propagation, energy and fuel savings 
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3.5. Proposed Solution 
This research proposes an innovative method to generate a functional tribofilm 
that exhibits high-wear and corrosion resistance, high strength and toughness, and 
controlled friction properties. The hypothesis proposed to achieve the final objectives is 
illustrated in Figure 27. The principal idea was to use potential nano and micro sized 
particles of specially chosen elements to be used as functional additives in a carefully 
designed custom lubricant formulation. The target was to generate a tribofilm with 
identified properties as shown in Figure 27. A tribofilm in simple terms is a protective 
layer formed over the surfaces of bodies in relative motion. The next chapter provides a 
detailed overview of tribofilms.  
This work utilizes a cost effective and simple ball-on-flat tribometer, which was 
modified to simulate both sliding and rolling-sliding motion at the rail/wheel interface in 
a laboratory. Further, this tribometer was also used for conducting micro scratch tests. A 
novel lubricant formulation showed promise of repairing the damaged surfaces and 
improving the tribological properties during operating conditions. This could be 
achieved by the formation of a wear resistant and durable tribofilm on the sample 
surface. This can reduce cost of maintenance caused due to downtime while providing 
desired surface properties. The multi purpose tribometer offers a simple and cheap way 
to study rail wear in the laboratory. 
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Figure 27: Illustration of hypothesis depicting approach utilized in research 
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CHAPTER IV 
 REVIEW OF TRIBOFILMS 
 
4.1. Definition 
A “tribofilm” is a protective layer that is generated during sliding or rolling in a 
frictional contact between two surfaces, generally in the presence of a lubricant which 
contains some special additives which form “antiwear” pads that act as load bearing 
surfaces and prevent metal-to-metal contact.  
 
4.2. Background 
Tribofilm generation proceeds usually under boundary lubrication regime where 
the friction modifier and the antiwear agents undergo tribochemical interactions 
resulting in the formation of chemically bonded films [96-98]. In ceramics, tribofilms 
are found to form in both dry and wet sliding. The tribofilms are known to reduce the 
friction between the contact bodies and in general enhance the wear resistance. 
However, tribofilms may be protective or tribologically deleterious. The tribofilms can 
be formed by mechanical mixing, tribochemical interactions or thermal activation [99]. 
In the mechanically generated tribofilm, the mechanically mixed particles have the same 
physical structure and chemical composition as those of the base sliding pair. Another 
class of tribofilms, where the microstructure of the film constituents is different from 
that of the base pair is the much discussed white layer formed during the sliding of 
ferrous material where the base material is suggested to undergo a phase transformation 
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to fine grain martensite [99].  The chemically generated tribofilms are a result of 
tribochemical interactions occurring at the sliding interfaces under the presence of active 
additives. Thermally produced tribofilms are a result of temperature activation in the 
presence of additives. This section focuses primarily on tribochemically generated 
tribofilms and the various additives used in lubrication. 
 
4.3. Tribofilm Generation and Mechanisms 
A “tribofilm” is a protective layer that is generated during sliding or rolling in a 
frictional contact between two surfaces, generally in the presence of a lubricant which 
contains some special additives which form “antiwear” pads that act as load bearing 
surfaces and prevent metal-to-metal contact.  
The research so far on tribofilms formed in lubricated contacts due to 
tribochemical reactions has formed a basis for the synthesis of more efficient additives 
and lubricants [100]. The thickness and composition of the chemical tribofilms depends 
on the type and concentration of the additive used in the base oil [101] and the applied 
load [102]. It also depends on environmental factors such as humidity, and test 
parameters like interface temperature, contact pressure, sliding/rolling speed and total 
time of test. The thickness is a key attribute for anti wear performance, since the film 
acts as a sacrificial layer between the two sliding surfaces by reducing the asperity 
contact [103]. The antiwear pads that form during the sliding process (tribofilm) act as 
load bearing areas reducing the metal to metal contact and thus minimizing plowing, 
abrasive and adhesive wear. The increase of interfacial temperature resultant upon 
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frictional heating affects the reactivity and adsorption of additive molecules on sliding 
metal surfaces [104,105]. During the frictional sliding process, the tribofilm ruptures 
locally due to sliding and micro asperity contacts and is continuously replenished by the 
tribochemical reaction products. The rate of additive reactions is high at elevated 
interface temperatures thus allowing for faster tribofilm formation and replenishment. K. 
Komvopoulos et.al [106] reported that tribofilms maintain their integrity even under 
relatively low sliding temperatures where the lower rates of tribochemical reactions may 
retard tribofilm replenishment.  
The regenerative capacity and the stability of these tribofilms under high 
temperatures and high loads make them efficient antiwear films which help in reducing 
the plowing, abrasive, adhesive and scuffing wear by hard asperities and wear debris in 
boundary lubrication. The properties of the tribofilms depend on chemisorption, 
decomposition, and the chemical interactions between the most reactive decomposition 
products and the sliding interfaces [106]. Tribology and in particular tribochemistry 
deals with a large parameter space [102], since the friction, wear and tribochemical 
reactions of a given tribological system depend strongly on the applied conditions (e.g. 
relative velocity, contact pressure, sliding time, and temperature) [107]. Various 
tribosystems have been investigated in the past to study the tribofilm formation 
mechanisms, properties of the protective layer, which are characteristic to the specific 
test and tribosystem. Various additives have been used for different lubricant 
formulations to give different properties of the generated tribofilms. 
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“Transfer films” are obtained by tribochemical reactions between tribofilm, 
native oxide film and nascent metal surfaces produced by friction. The chemistry of 
transfer films is modeled using the hard and soft acids and bases principle (HSAB) 
which was proposed by Pearson [108] and is explained later in this chapter. The transfer 
film is produced due to transfer of additive reaction products onto the counter face 
tribochemically from the sliding surface. Transfer films play an important role in 
modifying the friction behavior of a tribosystem. The molecular scale transfer 
mechanisms may govern the frictional response of the tribosystem in the presence of 
additives under boundary lubrication [109]. External electrical and magnetic fields seem 
to affect friction transfer direction and kinetics by changing the growth rate and 
composition of transfer films. “Selective transfer” is a specific case of transfer films 
where certain lubricants exhibit both surface and chemical activity providing generation 
of colloidal particles of wear and simultaneous tribochemical reactions resulting in the 
formation of a low shear porous film [110]. 
Inorganic tribofilms are generally thought to consist of metal oxides, sulphides, 
phosphates and borates, with compositions depending on the additives used to generate 
them. These films are ionic insulating solids. Antiwear tribofilms formed from P- and B- 
containing additives are thought to be phosphate and borate glasses respectively. They 
have resistivities similar to that of oxides. Sulphides may be semiconductors and possess 
much lower resistivities, depending on the tribofilm composition and formation 
temperature [106]. Sulphide dominated tribofilms produce lower friction while borate 
and phosphate dominated tribofilms are more effective in increasing the wear resistance 
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of steel surfaces. Some sulfur containing lubricant additives like sulfurized olefin, 
perform better as friction modifiers rather than antiwear agents. The efficacy of 
sulfurized lubricants to reduce friction is related to their ability to form sulphide layers. 
J.H. Petersen et.al. [111] investigated the tribological properties of sulphur-implanted 
steel. They reported that sulfur implantation at high doses amorphized the steel surface 
and formed nanocrystallites of the hexagonal FeS compound, which is known to have 
very good lubricating properties. FeS, also known as troilite, has a layered hexagonal 
structure with low shear strength and a high melting point (1100 ºC). Hence it is a very 
effective solid lubricant like graphite and MoS2. 
 
4.4. Characterization of Tribofilms 
The tribofilms and the reaction products are characterized using a wide variety of 
surface-analytical methods. X-ray photoelectron spectroscopy (XPS), scanning auger 
microscopy (SAM), time-of-flight secondary ion mass spectroscopy (ToF-SIMS) and X-
ray absorption near-edge structure (XANES) are the usual methods for the chemical 
characterization of tribochemical reaction films [102]. Most of these methods can 
combine imaging and spectroscopy. Scanning auger electron microscopy (SAM) has 
been used to map elemental distribution of a contact area [109] and recently imaging 
XPS (i-XPS) has shown promise in investigating the distribution of chemical species 
according to their chemical state [112,113]. Auger electron spectroscopy (AES) and 
transmission electron microscopy (TEM) have also been used for study of tribofilms. 
Atomic force microscopy (AFM) has also been used to characterize the tribofilms. 
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Contact and non contact modes in the AFM provide useful topographic information 
while phase imaging with non contact mode and frictional imaging using contact mode 
(FFM) provide some chemical information. X-ray photo electron emission microscopy 
(X-PEEM) gives sub micron local resolution of a particular species in a thin film and has 
been used recently to study tribofilms [114-117]. A number of other surface analyzing 
tools have been investigated for chemical characterization and imaging. Nano 
indentation technique has been utilized to characterize the mechanical properties of the 
tribofilms [117,118]. K. Komvopoulos et al. used electrical contact resistance (ECR) 
measurements between the sliding surfaces in the presence of the lubricant to study the 
initiation, formation, rupture and replenishment of tribofilms [106]. ECR is proportional 
to the measured voltage and hence provides an effective measure to detect the presence 
of an insulating tribofilm [101]. During the past two decades new quantum 
mechanical/quantum chemistry (QM/QC) methods like the density functional theory 
(DFT) simulations have been developed to explore and understand the basic 
tribochemical interactions and additive chemistry at the atomic level. This method has 
shown potential to tribo-engineers to be able to design tribo coatings in the future and 
find alternative additives which will form more durable, efficient and environmental 
friendly tribofilms [119]. 
 
4.5. Additive Chemistry 
Lubricating oils generally contain antiwear (AW) and extreme pressure (EP) 
additives. As the name suggests, the AW additives work by forming protective 
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tribofilms through tribochemical interactions occurring at the friction interfaces. EP 
additives are active organic molecules, which adsorb in the boundary layer and 
eventually decompose under high frictional heating, thus releasing active elements such 
as B, P, Cl or S which can react directly with the surface metal atoms (forming 
sulphides, chlorides etc.) or catalyze the formation of protective boundary films [111]. 
The most common additives used in lubrication can be classified into organic and 
inorganic types. The most vastly studied organic additives are metallic alkyl and aryl 
thiophosphates Among these zinc dialkyl dithiophosphate (ZDDP) and Zinc 
dithiophosphate (ZnDTP/ ZDTP, which is a C3/C6 secondary ZDDP) additives have 
been the center of focus for around 50 years because of their good anti wear properties. 
Ashless di alkyl thiophosphates (DTP) and triaryl monothiophosphates (MTP) have also 
been studied as eco compatible alternatives to ZDDP [120]. Dialkyldithiophosphate 
esters (DDP), diarylphosphate ester (DPP) exhibit some useful properties. DPP works 
well as an AW agent under medium stress [121]. It has been reported that ashless 
methylene-bis (di-n-butyldithiocarbamate), DTC is an excellent AW additive with good 
antioxidant properties [122,123]. It is used in gear oils and lubricant greases. Apart from 
these, organo molybdenum compounds are being used because of their good antiwear 
and friction-reducing properties, among which Molybdenum dithiophosphates (MoDTP) 
have been extensively investigated [124]. Molybdenum dialkyl thiocarbamate (MoDTC, 
a friction modifier) and combinations of ZDDP and MoDTC have also been studied. 
Organo borates have been investigated for antiwear performance [125].  
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Various inorganic additives like Molybdenum disulphide, alkali borates, 
phosphorus-sulphur compounds and calcium borates have also been investigated. Other 
than the AW/EP agents, additives like detergents and dispersants play an important role 
especially in engine lubrication for smooth operation. Both of these are long chain 
hydrocarbons with polar ends. The detergents have a metal ion contained in the polar 
end while a dispersant does not contain a metal ion but utilizes oxygen and/or nitrogen-
containing moieties for polarity [126]. The detergents help in keeping the engine clean 
while also preventing deposition of harmful sludge and carbon. In addition to cleaning, 
detergents also neutralize acidic combustion and oxidation products, thereby, 
minimizing corrosion, rust and deposit formation in the engine [127]. An important class 
of detergents is metal sulphonates. Calcium sulphonate is a known detergent which also 
possesses good AW and anti-scuffing properties [128-130]. Detergent-dispersant 
additives like polyisobutenyl succinimide (PIBSI) and polyisobutenylacetylamine (PIB-
Amine) are well known surfactants [131]. Additive packages containing dispersants and 
ZDDP, dispersants and dialkyldithiophosphate esters (DDP), dispersants and 
diarylphosphate ester (DPP), or dispersant and DTC combinations are used extensively 
in gear oils, transmission oils, and engine oils [132]. The molecular structures of the 
important additives are shown in Table 3. 
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Table 3: Molecular structures of different additives 
Additive Type Molecular structure Reference 
ZDDP AW/EP 
 
[133] 
ZnDTP AW/EP 
 
[109] 
MoDTP AW [124] 
MoDTC 
AW/ 
friction 
modifier 
 
 
[109] 
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(Table 3 continued) 
Additive Type Molecular structure Reference
 
DTC 
 
EP 
 
[132] 
 
DDP & 
DPP 
 
AW/EP 
 
[132] 
MTP AW 
 
 
[134] 
 
B-PIBSI 
 
Dispersant 
 
[132] 
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(Table 3 continued) 
Additive Type Molecular structure Reference
PIBSI Dispersant 
 
[131] 
PIB-
Amine 
Dispersant 
 
[131]  
 
 
  
Zinc dialkyl dithiophosphate additives (ZDDP) have been used for their anti-
wear and anti-oxidant properties (prevents corrosion) in engine lubrication for the last 50 
years. In case of boundary lubrication on steel and cast iron surfaces, these additives are 
capable of generating a protective solid tribofilm on the friction surface. Surface 
analyses (XPS) have already shown that the ZDDP tribofilm is mainly composed of 
phosphates and sulfides and that the thickness of the film does not exceed 100 nm in 
most of the cases. The tribofilm is homogenous and amorphous and is made of a short 
chain mixed iron and zinc orthophosphate layer covered by a thin long zinc 
pyrophosphate layer [135]. The tribofilm can digest the iron oxides which generally 
cause abrasive wear [136] following the hard and soft acids and bases (HSAB) principle 
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proposed by Pearson [108]. In particular, the HSAB principle states that the phosphates 
prefer to react with the oxides while the sulphides prefer to react with metals [124,137]. 
The phosphate anions (PO43-) are hard bases and will prefer to react with iron or 
molybdenum cations (Fe3+ and Mo6+) which are hard acids. The soft bases such as 
sulphides prefer to react with pure metals (Fe0) which is a typical soft acid. Fe3+ and 
Mo6+ are harder Lewis acids than Zn2+ [109]. The Pearsons’ classification of the 
different species into HSAB is shown in Table 4. The formation and interactions of 
tribofilms from ZnDTP and ZDDP have been studied extensively by several authors and 
an extended review can be found elsewhere [137]. It is widely accepted that the tribofilm 
is composed of an amorphous inorganic polyphosphate glass containing some embedded 
sulphide species, covered by a ZnDTP rich zone which regenerates the film removed 
under friction and wear [124]. Tribological films from ZnDTP have been reported to be 
polyphosphate films having a layered structure [107,136]. They are formed under pure 
thermal or combined thermal and tribological stress [138]. Tribologically derived ZDDP 
antiwear films are slightly different from their thermal counterparts. The tribological 
films have a layered structure whereas the thermal films lack a layered structure, though 
they have similar composition. It is reported that ZDDP starts to decompose at 
temperatures below 150 ºC  [139]. At temperatures above 100 ºC, tribofilms with a 
thickness of a few tens of nanometers are found, while at lower temperatures thinner 
films are reported [140]. However, environmental implications of using ZDDP have 
emerged and now the focus is on finding suitable alternative additives which are more 
environment friendly [141,142]. 
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Table 4: Classification of different acid and base species 
 Acid Base 
Hard 
H+,Fe3+,Mo6+,Ca2+,RPO2+
,RSO2+,CO2
H2O,OH-,CO32-,O2-,PO43-
,ROH,RO-,SO42- 
Borderline Fe2+,NO+,SO2,Zn2+ BO33-,N3-,N2,SO32-
Soft 
Cu+,Fe0,RH3,RO+,Mo4+ 
metal atoms, bulk metals 
R2S,S2-,RNC,S2O32-
                
 
  
Ashless thiophosphate oil additives are a possible replacement to ZDDP. They 
work in a similar way and provide wear protection comparable to ZDDP, outperforming 
them in some cases. Studies by Sarin et.al. [143] on the anti wear properties of the 
tribofilms formed by dialkylphosphorodithioic acids revealed that the performance was 
similar to that of ZDDP and that the additive was not affected by the exclusion of Zn 
which is encouraging. Further the antioxidative properties of the ashless additives were 
also similar to that of ZDDP. M.N. Najman et.al. [134] correlated the micro chemical 
properties to the antiwear (AW) performance in ashless thiophosphate oil additives. 
They conclude that an ideal AW film is comprised of a thick film with pad-like 
structures that are wider in area and micro chemically heterogeneous, with areas of 
varying polyphosphate chain length. 
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The importance of Al-Si alloys as revolutionary engine component materials has 
led researchers to study the effect of ZDDP enriched lubrication in an effort to 
understand the tribochemical interactions and the possible formation of antiwear 
tribofilms on Al-Si alloy surfaces [144,145]. It was found that the tribofilms formed 
comprised polyphosphates similar to that on steel. The length of the polyphosphate chain 
depends on the time and temperature [144]. Many authors have reported that in the 
presence of additives, a reduced friction layer, soap or polymer forms from a reaction 
between aluminum and the additive or from an additive by product [146-150]. However, 
Mark A. Nicholls et.al. [137] document that ZDDP does not perform well as an anti 
wear additive on Al-Si alloys. 
Many previous studies have examined the effects of combining neutral and 
overbased detergents with AW/EP additives like ZDDP’s  [127]. A few studies have 
reported that detergents have a deleterious effect on the antiwear tribofilm formation and 
the performance of ZDDP [151-153]. On the other hand, Ramakumar et.al. [154] 
showed that overbased detergents in combination with ZDDP provided substantial wear 
protection. kaspa et.al. [155] reported that when neutral calcium sulphonate was 
combined with ZDDP, the presence of the detergent only had a minor effect on the AW 
properties of the tribofilm. It was reported that dispersants in general enhance the wear 
performance by speeding up the decomposition of ZDDP [156-159]. Calcium borate 
overbased salicylate detergents were recognized as a multi functional class of anti 
corrosive/anti wear additives [160]. This CB micelles additive acts as an antiwear agent 
by the formation of an iron borate glass tribofilm material [161]. K Varlot et.al. [162] 
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reported that when ZDDP and Calcium Borate (CB) additives are used together in the 
lubricant used in the sliding test, long chain calcium and zinc borophosphate glass 
tribofilm is formed. They suggest that the role of viscous flow of the magma state glass 
tribofilm above its glass transition temperature seems to be a main contribution to the 
antiwear mechanism under mild wear conditions. They reported that the combination of 
ZDDP with CB additive did not exhibit good antiwear properties. They propose that the 
presence of borate core seemed to have had a negative effect on the antiwear properties 
of the additive. The antiwear properties were worse than that exhibited by the 
combination of ZDDP and calcium sulphonate detergent. Phosphorus- sulphur (P-S) 
additive based oils have been used for generating tribofilms for protection against high 
wear, especially in gears [106]. It was reported that a dispersed borate (B) additive in 
mineral oil produced much higher wear resistance and load bearing capacity than the 
conventional P-S lubricants [163]. Borate additive-enriched oil lubricants produce 
durable tribofilms that improve both friction and particularly the wear properties of 
sliding steel surfaces at elevated temperatures [164]. The alkali borates result in the 
formation of tribofilms containing borate glass which produce the high load bearing 
ability and these tribofilms have a faster rate of formation and replenishment [106]. Due 
to the electrical charging of the sliding interfaces, there may be migration of the charged 
borate particles at the surface. This causes the formation of a protective borate rich layer 
by electrophoresis and this layer is many times thicker than the tribofilms formed by 
traditional P-S lubricants [165]. The relatively higher wear resistance and endurance of 
the borate-enriched lubricants is attributed to a hard borate glass phase [106] and the 
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strong attachment of the tribofilms to the steel surfaces through hydrogen bonds between 
borate hydroxyl groups and the hydrated iron oxide layer [165]. The good mechanical 
properties and strong adhesion of borate tribofilms to metal surfaces make them ideal for 
boundary lubricated mechanical components operating at elevated temperatures. A 
critical B concentration and an elevated temperature (100 ºC) are required for the 
formation of antiwear borate tribofilms [101]. Many other borate enhanced additives 
have been studied for enhancing tribofilm resistance [137,166,167]. It was reported that 
sulfurized and nonsulfurized organo borates combined with dibutyl-tin-dilaurate exhibit 
excellent antiwear synergism [125]. Other studies showed that borate sulphonates 
degrade the wear performance [168]. 
Jeng et.al. reported that the incorporation of molybdenum dithiocarbamate 
(MoDTC) into P-S gear oil reduced friction between the steel surfaces sliding in the 
mixed and boundary lubrication regimes due to the formation of a boundary film 
containing molybdenum-sulfur compounds [169]. Other people [170] have shown that 
equi-molar concentration of ZDDP and MoDTC  in base oil yields optimum reduced 
friction, while M.I. De Barros et.al [171] report that MoDTC + ZnDTP containing oil 
produces mainly shorter chain metal polyphosphate tribofilms in addition to ZnS and 
MoS2. They confirm that the formation of MoS2 is enhanced by the presence of ZnDTP 
due to the synergistic effect of ZnDTP on the decomposition of MoDTC molecule. C. 
Grossiord et.al. [124] studied the friction-reduction mechanism of MoDTP additives by 
performing ultra high vacuum (UHV) tests on a previously formed MoDTP tribofilm. 
They observed centirange friction which was attributed to a very thin MoS2 rich transfer 
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film and concluded that a few sheets of MoS2 are sufficient to produce very low friction. 
Super low friction (µ<0.01) is observed with a MoS2 film of very high purity.  A study 
on interaction between MoDTP and succinimide (dispersant) additives reported that 
amine plays a fundamental role in inhibiting the MoDTP tribofilm formation [131]. J.M 
Martin et.al. [109] studied transfer films and friction under boundary lubrication for 
organo molybdenum compounds. They reported that the reduction in friction was 
associated with the transfer of highly dispersed MoS2 as isolated sheets from the 
tribofilm to the slider.    
Ceramics are known to display chemical inertness in most aggressive 
environments. But in tribological dry contacts, the ceramic friction surfaces reach 
interface temperatures much higher than those obtained in metallic-metallic sliding 
contacts which makes the ceramic sliding interfaces vulnerable to chemical reactions, 
phase transitions and other reactions [172]. Thus a suitable environment for generation 
of tribofilms is created without the need of any lubricant or additives. It has been 
established that the effect of loose wear debris and the solid surface layers formed during 
sliding on wear resistance is more significant than the bulk material [173-177]. 
Therefore the solid layer tribofilms play an important role in tribology applications. In 
the case of ceramic tribosystems it has been shown that the wear debris generated during 
dry sliding remains between the surfaces and facilitates tribofilm formation which plays 
a decisive role in wear resistance in the severe wear regime of ceramics [178,179]. 
Adam Blomberg et. al. [172] have studied the wear and tribofilm formation for different 
ceramic pairs.  It was reported that the presence of water in ceramic sliding interfaces 
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reduces the friction and wear, probably due to tribochemical formation of hydrated 
layers which act as solid lubricant [180]. But water may also promote rapid crack growth 
on some ceramics, therefore leading to accelerated wear [181]. T. Aizawa et.al. [182] 
studied the self lubrication mechanism in titanium based ceramic coatings (TiN, TiC) on 
cutting tools. They report the formation of robust and lubricious oxide tribofilms in the 
presence of chlorine atoms which promote the in situ formation of intermediate titanium 
oxides to preserve the friction and wear properties. 
In a study on ceramic hip joints, Jun Kusaka et.al. [183] reported smooth surfaces 
covered with a tribofilm for alumina, silicon carbide and silicon nitride tribo pairs. In 
case of alumina, the tribofilm was proposed to be composed of aluminum hydroxide 
[184]  produced by tribochemical reaction, while that of silicon carbide and silicon 
nitride was thought to be composed of silicon dioxide hydrate produced by different 
tribochemical reactions in each case [185]. P. Larsson et. al. [181] reported that B4C 
forms tribofilms even under tough test conditions which results in relatively smooth 
tribosurfaces. In other studies Rabinowicz and Imai [186] investigated the frictional 
properties of B4C. They report the formation of a boron oxide (B2O3) layer during 
sliding which becomes lubricious above 650 ºC and produces a low friction value.    
Diamond like carbon coatings (DLC) are known to exhibit good wear resistance 
and low friction in dry sliding conditions. H. Ronkainen et.al. [187] investigated the 
wear behavior of hydrogenated and hydrogen free carbon coatings deposited on stainless 
steel substrates by conducting pin-on-disk sliding tests. They report the formation of a 
rather thick tribofilm on the pin wear surface in both the cases. The tribofilm effectively 
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reduced the coefficient of friction in both the cases and wear of the pin significantly in 
the case of hydrogenated coatings and to a very small extent in the case of hydrogen free 
carbon coatings. The tribofilms formed on the pin consisted of pin material, carbon, 
oxygen and hydrogen. Previous studies on DLC coatings [188,189] reported that 
addition of commercial AW or EP additives to poly-alpha-olefin (PAO) oil significantly 
improved the tribological properties by the formation of a tribofilm which was 
composed of coating material constituents and additive reaction products. B. Podgornik 
et.al. [190] reported that the concentration of additive has a major influence on the 
tribological behavior of DLC coated steel surfaces. They suggest that a lower EP 
additive concentration may give better wear performance contrary to the general rule for 
steel/steel surfaces. 
 
4.5. Summary 
In this section, we have reviewed some basic concepts of tribofilm generation 
and discussed in detail about the various additives used in lubrication today. The 
different tools of tribofilm characterization have been briefed. The tribofilms have been 
classified and an in-depth study of previous research carried out on tribochemically 
formed films has been reported. The various useful properties of the tribofilms have 
been summarized and the different tribosystems which potentially develop tribofilms 
have been looked at in brief. The mechanisms of tribofilm formation in certain 
tribosystems have been studied. The various factors affecting the growth kinetics and 
anti-wear properties of tribofilms have been detailed. 
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CHAPTER V 
 REGENERATIVE TRIBOFILMS 
 
5.1. Limitations of Pin-on-Disk Tribometer 
It has already been seen that rail wear involves various contact modes. The 
reciprocating module tribometer can realistically simulate the sliding contact of the rail 
gage/flange in the laboratory. However, to study the top-of-the-rail contact, i.e. a rolling-
sliding mode, this configuration cannot be used. Therefore a new contact mode has to be 
designed which can impart the facility of a rolling-sliding contact with control on 
parameters like slip ratio. This would facilitate an apparatus for studying the total rail 
wear process in laboratory simulated conditions.  
 
 5.2. Dynamic Wheel/Rail Contact Mode Simulator 
The approach used in this research was to apply the principles of friction, wear, 
and lubrication to devise a method to produce regenerative super-hard and wear-resistant 
tribofilms. This was achieved through formulation of special lubricants with functional 
nanoparticles and experimental simulation of the rail wear in laboratory using a modified 
tribometer and the custom designed lubricants. 
An illustration of the novel rolling-sliding modification incorporated into the 
commercial reciprocating tribometer is shown in Figure 28. A wheel (made from rail 
wheel material) is mounted on an axle in a tight fit by a locking key way. The axle is 
supported on two precision roller bearings at the ends which provide a free rolling 
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condition for the wheel. The slip-ratio can be controlled by using the two set screws 
provided on either sides of the wheel. A desired normal load could be applied along the 
axis of the wheel. A modified sample holder (Figure 29) was also designed to allow 
more vertical clearance for the rolling contact and a greater horizontal traverse distance 
for the wheel. Figure 30 shows the lubricant application method and a comparison of the 
experimental sliding and the rolling-sliding contact modes.  
 
 
 
Figure 28: The rolling contact modification in the commercial pin-on-disc tribometer.  
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Figure 29: Illustration of the modified sample holder assembly 
 
 
 
Figure 30: Experimental contact modes showing lubricant application method 
 
 
 
  73 
5.3. Materials and Methods 
5.3.1. Sample Preparation 
The samples used for this study were made of rail grade steels supplied by 
Rocky Mountain Steels (Colorado). The as-received samples were cut from two different 
parts of the rail, the top of the rail (rail head) where the wheel/rail contact mode is 
rolling with or without slip; and the rail gage flange, where the wheel/rail contact mode 
is pure sliding. Figure 31 shows the locations in the rail from where the samples were 
cut. The wear test samples were prepared by cutting small rectangular sections from the 
as-received samples. All processed samples were smoothened with 600 grit emery paper 
to obtain a consistent surface finish of 0.144 µm average roughness. The average 
Vickers hardness of the polished substrates was 446±20 HVN. The composition of some 
major elements (in wt %) of the samples used in sliding and rolling tests are shown in. 
Sample A was used for sliding tests and sample B was used for rolling tests.  
 
 
Table 5: Composition of samples in weight percent of individual elements 
 C Mn P S Si Cu Ni Cr Fe 
A 0.81 0.98 0.012 0.013 0.28 0.30 0.11 0.23 balance
B 0.80 0.98 0.016 0.012 0.29 0.24 0.08 0.23 balance
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Figure 31: Schematic showing the locations in the rail from where the samples were cut 
 
 
5.3.2. Tribology Tests 
Tribofilms were generated under sliding and rolling conditions using a 
modified ball-on-flat tribometer (CSM Instruments). Friction and wear tests were carried 
out in lubricated conditions. A boundary lubrication regime was maintained. The general 
experimental setup illustration is shown in Figure 32. Samples A and B were used for 
pure sliding and rolling tests respectively. Dry scratch tests were performed on the 
sliding tribofilm to assess the wear resistance. The different tribo-tests are discussed in 
detail below. 
 
5.3.2.1. Material Formulation 
Additives were selected for making a lubricant. This custom-named chemical 
compound mix or lubricant was trade marked as PBL. Different particles in micro to 
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nano-sizes were mixed in an organic matrix. The major elements are Al, Si, and Fe. 
Additional information is withheld for patentable reasons. 
 
5.3.2.2. Sliding Test   
The sliding contact mode of the rail/wheel interface was simulated in the lab by 
using the reciprocating module of the tribometer. An illustration is shown in Figure 30. 
The static sliding partner was an AISI 52100 chrome steel ball of 6mm diameter. Pure 
sliding is achieved when the ball is fixed rigidly in the tribometer pin and has only one 
degree of freedom, to slide on the sample. An initial dry pre-test was carried out on a 
standard steel sample mirror polished with 1200 grit emery paper and smoothened with 
0.05µm alumina slurry on a  microcloth® from Buehler. The purpose of the pre-test was 
to generate an initial wear scar on the ball to control the initial normal contact stress for 
the real wear test. The conditions used for the pre-test were: 5N normal load, 1min 
sliding time, 5 cm/s sliding speed. The average wear scar thus produced was measured 
as 245.38 µm which corresponds to an initial nominal Hertzian stress of 0.423 GPa 
under the conditions used for the real test. This stress is representative of the contact 
stress condition in the rail/wheel flange. The test sample A, and the contact partner were 
cleaned with isopropyl alcohol before starting the wear test. 0.1 ml of the lubricant 
(PBL) was applied as a layer on the sample/contact partner interface before the test.  
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The sample was heated to a stable temperature of 100±1 ºC using a pre-calibrated 
heating apparatus before starting the test. The humidity was maintained at 55±5%. A 
normal load of 20 N was applied to generate an initial contact stress of 0.423 GPa. The 
total duration of the test was 9 hours. The sliding test was paused every three hours to 
add lubricant (0.1 ml PBL) in order to maintain a lubricating layer. Friction coefficient 
was measured against time for all tests. A distance of 1031.33m was traversed in the 
total process. Tribofilms were formed in course of time and a layered tribofilm was 
generated due to periodic change of lubricant. Multiple tests were carried out to check 
repeatability of the tribofilm formation. A distinct advantage of using the pin-on-flat 
configuration is that wear and deformation process can be studied under both normal and 
reversal load conditions. At both ends of the wear track formed due to the reciprocating 
pin, the sliding direction is reversed. Hence the subsurface and surface studies at the 
cross-section of a wear track can reveal insights into operative wear mechanisms. 
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Figure 32: Tribometer illustration showing experimental conditions for the tribo-tests 
 
 
Apart from this, the tribofilm formation mechanisms and properties can be 
investigated by connecting a resistance or capacitance circuit between the sample and 
the counter face partner. The output resistance or capacitance signal will give 
information on the formation and local rupture of the tribofilm with time. 
5.3.2.3. Rolling Test 
The rolling contact mode of the wheel/rail interface on the top of the rails was 
simulated in the lab by using a specially designed wheel contact that could be used with 
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the tribometer in place of the tribometer pin to generate pure rolling and rolling-sliding 
motion. Sample B was used for the rolling test. The wheel was made of high chromium 
steel with the following composition in weight per cent: Si 0.58 %, Cr 1.26 %, Ni 2.56 
%, balance iron. The wheel was smoothened with a 600 grit emery paper. The wheel had 
dimensions of 6mm in thickness and 21 mm in diameter. The wheel was mounted rigidly 
on a central axle supported on two precision bearings at the ends of the frame, to 
minimize friction. This enabled a pure rolling condition to be achieved. A setscrew on 
either side of the frame could be used for controlling the slip. An illustration of the 
experimental contact mode is shown in Figure 28. The slip was calculated using the 
following formula (1) 
 
                                                    
( )(%) 100C LS
C
−= ×                                                                    (1) 
 
Where S is the slip factor, C is the total horizontal distance traveled by a point on 
the circumference of the wheel in pure rolling condition in one complete revolution (i.e. 
here equal to the circumference of the wheel). L is the actual horizontal distance covered 
by a point on the wheel circumference under the experimental conditions for one 
revolution of the wheel. The creepage in case of the twin disc machine is set by 
maintaining a difference between the rotating speeds of both rollers. Using the new 
rolling contact, slip can be easily varied in between the test to study the effect of varying 
slip on wear characteristics. 
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The wheel frame was fixed in the tribometer in such a way that the wheel 
contacted the sample surface at a single point. A slope of 1:10 between the wheel and the 
sample was realized in the final contact. In the real conditions also, the rail and wheel 
are made to have an inclination, usually 1:15 to 1:30 to account for conformity and 
achieve a point contact between the conical tapered wheel and the rail surface. Rolling 
motion was generated because of the back and forth motion of reciprocating stage on 
which the sample was fixed. The wheel was calibrated for pure rolling condition before 
the wear test. However, it was noted that there was a small amount of slip induced into 
the system due to the high contact stress condition and internal friction in the bearings. 
This slip was not estimated. The samples and the wheel were cleaned with isopropyl 
alcohol before the test. The test conditions used for the rolling test were the same as in 
the sliding case except for the following changes: stable temperature 59±2 º C and 
normal load 43.25 N which resulted in an initial nominal Hertzian stress of 1.003 GPa. 
0.1 ml of PBL was applied as a layer on the sample/wheel interface before the test. The 
lubricant was replaced every 3 hours as in the case of sliding test. Higher contact stresses 
can be easily achieved by varying the dimensions of the wheel used (lower diameter and 
thickness). Thus, a range of normal stress conditions is possible using this rolling 
contact. 
 
5.3.2.4. Scratch Test 
Scratch tests were performed perpendicular to the sliding tribofilm to test the 
wear resistance of the film relative to the substrate. The tribometer was modified to 
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perform the scratch tests. A sharp steel pin with a nominal tip diameter of 74 µm was 
used as the static sliding partner for the scratch test. The experimental conditions used 
for the scratch test were: 1 N normal load generating an initial nominal Hertzian stress of 
0.123 GPa, 0.3 mm/s sliding speed, scratch time 41 sec. An illustration of the scratch test 
is shown in Figure 33. 
 
 
 
 
/s
 
 
 
 
 
 
 
 
 
 
 
Figure 33: Depiction of the micro scratch test 
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5.4. Tribofilm Analysis 
5.4.1. Surface Characterization 
The surface and cross-sectional morphology of the tribo films were 
characterized using a JEOL-JSM 6400 scanning electron microscope (SEM) and a JEOL 
2010 transmission electron microscope (TEM). Secondary electron acquisition mode 
(SEI) was used for all SEM micrographs. Bright field imaging was used for all TEM 
micrographs. The TEM sample was prepared by using the standard ultramicrotomy 
process with the sample embedded in a very hard epoxy formulation. The scratch wear 
track was also examined using the SEM. Chemical characterization of the tribofilm was 
done using X-ray photoelectron spectroscopy (XPS) and Energy dispersive X-ray 
(EDX). All samples were cleaned thoroughly in an ultrasonicator using isopropyl 
alcohol before the post-test analysis. 
 
5.4.2. Mechanical Characterization 
Micro hardness tests were carried out on the cross-section of the sliding 
tribofilm. The cross-section sample was made by embedding the sample with tribofilm 
in an epoxy mould using the sandwich technique. The cross-sectioned sample was 
smoothed with 1200 grit emery paper and polished to a mirror finish using slurry of 0.05 
µm sized alumina particles on a on a microcloth® from Buehler. The average surface 
roughness was around 0.02 μm. The Vickers micro hardness was tested using a Fischer 
scope HM 2000 hardness tester. A Federal® Surfanalyzer 5000 was used to measure the 
average roughness and surface line profile of the tribofilm. 
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CHAPTER VI 
 RESULTS AND DISCUSSION∗
 
6.1. Tribofilm Morphology 
The generated tribofilms were typically rough (~ 0.635 µm) with certain smooth 
areas. It was observed that the roughness decreased with the increase of ambient test 
temperature signifying the higher reaction energies involved in the latter case.  Figure 34 
shows a profilometer line scan of the sliding tribofilm at 25 ºC and 100 ºC ambient 
temperatures. However, the film covered almost the whole wear track in both the sliding 
and rolling cases, an example of which is shown in Figure 35. In case of rolling-sliding, 
the film also formed appreciably on the contact area of wheel as depicted in Figure 36. 
In the case of sliding, the effect of the substrate tribofilm was to wear out the counter 
face pin significantly as seen by the grooves on the wear scar of the ball illustrated in 
Figure 37. Remnants of a transfer film are also seen in the zoom inset. A closer look at 
the rolling-sliding and sliding tribofilm morphology in comparison to the bare substrate 
is shown in Figure 38. Compare the incomplete tribofilm generated at 25 ºC (Figure 39) 
to the complete one developed during sliding at100 ºC. The reasons underlying this 
drastic improvement in morphological quality are explained later. The cross-sectional 
morphology of the film was analyzed by preparing transverse sections of substrate along 
with the film. Figure 40 shows etched cross-sectional SEM micrographs clearly showing 
                                                 
∗ Technology developed from this research has been filed for US Patent. 
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the different microstructure of the film versus the substrate, which has a typical pearlitic 
micro structure. Tilt SEM micrographs revealed a layered tribofilm structure as shown in 
Figure 41. The reason for this is explained later in the proposed mechanism section. 
 
 
 
Figure 34: Profilometer line scans: a) tribofilm formed at 25 ºC ambient test temperature b) 
tribofilm formed at 100 ºC ambient test temperature 
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Film Substrate 
Figure 35: Part of the rolling-sliding tribofilm shown contrasted against the substrate. Arrow shows 
the roll-slide direction of the wheel 
 
 
 
Film 
Figure 36: Contact area region of the wheel showing distinct tribofilm formation 
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Figure 37: Wear scar of the sliding counter face ball showing abrasive grooves and transfer film 
remnants 
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Figure 38: Tribofilm morphology: a) 600 grit emery paper smoothened substrate b) sliding tribofilm 
at 100 ºC c) rolling-sliding tribofilm at 60 ºC 
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Figure 39: Sliding tribofilm produced during sliding at 25 ºC 
 
 
 
Figure 40: Etched cross-section showing film and substrate (left) and only the substrate (right) 
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Figure 41: Layered tribofilm structure showing material build up and terrace features 
 
 
6.2. Frictional Behavior 
The friction coefficient vs. time curve for sliding test is shown in Figure 42. It is 
seen that the friction reaches a constant plateau with the addition of friction modifier 
based formulation (PBL). This behavior is representative of both sliding and rolling-
sliding cases. Notice that there are sudden jumps (static friction peaks) in the smooth 
curve which are caused due to pause and restart of the test after every 3 hours for 
changing lubricant. The friction coefficient observed was low implying that the 
formulation is appropriate for use in gage/flange lubrication. However, the current 
formulation is unsuitable for the top of the rail application. This is because a minimum 
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friction level is required for proper traction and braking at the rail/wheel interface. The 
effects of modifying friction can still be seen otherwise. A selected alteration of certain 
friction modifying elements in the current formulation can make it potentially feasible 
for top of the rail application.  
 
 
Time (s)
µ 
 
                        Figure 42: Friction curve during the sliding test at 100 ºC for 9 hours 
 
 
6.3. Hardness of Tribofilm 
Figure 43 shows the micro hardness loading and unloading curves for both the 
film and the substrate. The SEM micrograph shows the areas of indentation. A Vickers 
indenter with a diamond tip and a constant load of 30 mN was used for conducting the 
hardness tests. It was found that the film was extremely hard when compared to the 
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substrate. Hardness values as high as 2700 HV were observed. The film also seemed to 
be conformal since there was no evident interface demarcation.  
 
 
 
Figure 43: Micro hardness along the cross-section of the film (under 30 mN load) 
 
 
6.4. Phase Transformation 
TEM analysis of a small fragment from the film showed a nanocrystalline 
structure (Figure 44). This is fundamentally interesting because phase transformation 
directly affects material properties. Rapid quenching enables high rates of cooling during 
the sliding process. In fact one of the methods preparing nanocrystalline or amorphous 
materials is to cool the material at rates >106 K/s [191]. Particularly during dry sliding, 
the debris generated usually shows a highly amorphous nature. It is quite possible that 
the film generated in this experiment exhibits a highly nanocrystalline nature due to the 
complex non equilibrium dynamics involved. Different nano sized reaction products can 
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be seen dispersed within the film matrix. 
 
 
 
 
Figure 44: Transmission Electron Micrograph of a fragment of the film showing small particles 
impregnated in the film.  Inset shows selected area diffraction pattern on the film 
 
 
6.5. Scratch Wear Resistance 
Figure 45 summarizes the results of the micro scratch test. The arrow shows the 
direction of the test (perpendicular to the film). The film showed high resilience to 
deformation as is seen in the SEM micrograph of the scratch track. A zoomed area on 
the scratch track at the border of the tribofilm showed that the film suffered no damage 
while the substrate showed heavy wear. The friction behavior along the arrow (scratch 
track) shows that the friction was higher on the film when compared to the substrate. 
This is a result of higher hardness or a higher roughness of the film. However, the 
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contributions of both these factors cannot be demarcated. 
 
 
 
Figure 45: Scratch test on the sliding (100 ºC) wear track revealing the wear resistance of the film 
 
 
6.6. Tribofilm Chemistry  
Chemical analysis was conducted on the tribofilm surface. The composition and 
the possible chemical routes were analyzed. Figure 46 shows the qualitative EDX 
spectra of the sliding (100 ºC) and the rolling–sliding (60 ºC) films. The film chemistry 
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was observed to have typical possible reaction products of Al, Fe, Si and C as expected.  
 
 
 
Figure 46: Qualitative energy dispersive X-ray spectra of tribofilms a) sliding tribofilm (100 ºC) b) 
rolling-sliding tribofilm (60 ºC) 
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To confirm the reaction products, XPS analysis was conducted on the tribofilm 
and the substrate (reference) respectively. An Mg X-ray source was used with a beam 
diameter of 500 µm. It is important to study the relative changes between the peak 
intensities at different energy positions in order to deduce the surface chemistry changes. 
The results are tabulated below for quick reference (Table 6). The corresponding XPS 
spectra showing different binding energy ranges are shown in Figure 47. 
 
 
Table 6: Interpretation of XPS data obtained for the tribofilm and the reference substrate 
 No. 
Binding 
Energy (eV) 
Element and 
valence state 
Source compound or 
reaction product 
Remarks  
a 26 Ca 3p, -3p --- --- 
b 31 W -4f --- --- 
c 43 Cr 3p  
Reaction product of Cr 
from the bulk 
d 48 Mn 3p  
Reaction product of Mn 
from the bulk 
e 56 Fe  3p, -3p  
Reaction product. Source 
of iron is both from bulk 
and lubricant additive 
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(Table 6 continued) 
 No. 
Binding 
Energy (eV) 
Element and 
valence state 
Source compound or 
reaction product 
Remarks  
f 74.4 Al 2p Al2O3
Aluminum oxide in 
sapphire phase due to 
oxidation of the Al 
particles  
g 94.2 Fe 3s --- 
Reaction product. Source 
of iron is both from bulk 
and lubricant additive 
h 103.3 Si 2p SiO2
Reaction product due to 
oxidation of Si  
i --- --- --- Confidential 
j 264 --- --- Unidentified  
k 277 --- --- Unidentified 
l 286 C 1s 
C with N 
C with Cl 
C with O 
A small shift of about 1 
eV shows a possible 
change in carbon valence 
state in film and 
substrate.  
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(Table 6 continued) 
 No. 
Binding 
Energy (eV) 
Element and 
valence state 
Source compound or 
reaction product 
Remarks  
m 349 Ca 2p --- --- 
n 398.1 N 1s --- 
Contamination due to 
adsorption of N during 
nitrogen drying step in 
sample preparation for 
XPS 
o 532.8 O 1s SiO2
Oxidation of Si. Peak 
shift of about 0.9 eV 
observed 
p 607.6 --- --- Unidentified 
q 694 --- --- Unidentified 
r 710.4 Fe 2p Fe3O4
Further oxidation of 
Fe2O3 
s 710.9 Fe 2p Fe2O3
Native oxide film on 
substrate 
t 745 O --- Auger peak 
u 990 C --- Auger peak 
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                               Figure 47: XPS spectra plotted on a range of binding energies (1000 – 0 eV) 
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                                                                                    (Figure 47 continued)           
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                                                                                     (Figure 47 continued)           
 
  100 
              
               
                                                                                     (Figure 47 continued)                                                                                  
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6.7. Self Repairing Effects 
Figure 48 shows a chemical map of one of the cross-sectioned samples showing 
the tribofilm and the substrate. Evidence suggests that a small crack had homogenously 
got filled with material from the tribofilm showing the property of self-repair. Similar 
repair on the macro-scale was also observed in other cross-sectioned samples. This 
supports the earlier hypothesis that the film actually grows and blends into the substrate. 
 
 
 
Figure 48: Chemical area map of the sample cross-section showing self-repair 
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6.8. Proposed Mechanism of Tribofilm Formation 
6.8.1. Physical Mechanism 
The physical generation mechanism of the tribofilm can be explained as 
follows: 
1) As the wear process proceeds, the wear debris and the lubricant additives start 
reacting chemically under the influence of high energy at the interface generated by way 
of the chemical mechanism explained later. 
2) The final products of these reactions start building up material over time which is 
also continuously being compacted under pressurized movement of the counter face. The 
synergy of mechanical milling, grinding, and sintering produces the tribofilm.   
3) This continues until all the final reaction products have formed (equilibrium state 
reached). Then the continuous sliding motion or kneading motion (in rolling-sliding) 
creates a smooth “terrace” on this tribochemically built-up material. 
4) The physical mechanism of tribofilm generation is a gradual build-up of final 
reaction product material with the subsequent formation of a smooth terrace. 
5) Every time the lubricant is changed, a new layer forms over the existing tribolayer 
because of the same mechanism, now operative in the presence of new “lubricant fuel” 
for the complex physicochemical reactions. In such a manner, a “layered” tribofilm is 
formed over a period of time. 
6) It was observed that the different layers exhibited good adhesion and shear strength 
between each other and the substrate was shown to have minimal wear (Figure 41).  
7)   It is conjectured that the layers would build up until a critical thickness is reached 
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when the layer’s shear strength would be exceeded by the operative lateral forces. But 
since lubrication is a continuous process, any loss of a layer would be covered up 
quickly. Ideally, once these tribolayers form, there will always be protective or 
“sacrificial” layers of tribofilm on the substrate preventing wear and deformation 
processes.  
8) As seen in this experiment, a lubricant change of three times produced a tribofilm 
showing three distinct tribolayers with evident material build-up and terraces. This 
indicated good wear resistance and inter-layer cohesion among the tribolayers. 
9) It wouldn’t be far fetched to say that the physical and chemical processes actually 
lead to the generation of a nanocomposite, layered high performance tribofilm. A model 
of the physical mechanism is shown in Figure 49. 
 
 
 
Figure 49: Physical mechanism model of tribofilm formation 
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6.8.2. Chemical Mechanism 
Before arriving at the chemical mechanism, let us understand the significance 
and impact of nano-sized particles as potential energetic materials. Micro aluminum 
powder has traditionally been used in power applications ranging from explosives, 
rocket propellants, and pyrotechnics to utility in thermite reaction mixtures for multiple 
purposes (e.g. rail welding). In recent years nanometer length-scaled aluminum powder 
has emerged as a subject of research due to the potential high energy trapped inside these 
particles [192]. Similarly, other nano-scaled elemental powders have been investigated 
for potential energy applications. It was reported that spherical Al particles display better 
combustion properties than Al flakes [193].Various Al based nano-composite thermite 
pairs have been explored for use in ordnance applications. These typically include 
Al/Fe2O3, Ni/Al and Al/MoO3 pairs which are well known thermite mixtures at the 
micro-scale [194]. The combustion performance of fully dense nano-composite energetic 
powders prepared by Arrested Reactive Milling (ARM) using the above thermite pairs 
were compared with performance of other highly exothermic material pairs like B-Ti 
and B-Zr. Mechanical initiation of the chemical reaction is possible by high-energy 
milling of these components [195]. B.B. Bokhonov et. al. studied the structural and 
morphological changes induced due to mechanical activation of nanocrystalline 
materials. It was found that mechanical activation of a substance led to a change in 
physical properties. In the case of Al2O3, a phase transition was observed [196].  
Nano-particles and ultra-fine particles exhibit a very high chemical reactivity, 
allowing a number of metals to undergo reactions under conditions which were 
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previously considered infeasible. One of the reasons for this behavior is that their lattices 
contain a high concentration of dislocations. Also at the nano-scale, the number of 
surface atoms is comparable to the bulk atoms meaning that the surface area-to-volume 
ratio is high thus allowing for more reaction initiation points. In fact, the nano particle 
reactions are initiated in the solid-solid phase and the particles show sintering 
phenomena as opposed to the liquid-solid reactions at micro-scale [194,197]. J.S.Raut 
et.al. performed molecular dynamics simulations on nano particle interactions to verify 
the sintering phenomenon. They concluded that the sintering kinetics decrease as the size 
of the nano particles increase [198]. A large fraction of the surface atoms of 
nanoparticles are in a disordered high energy phase [199]. Other reasons for the high 
reactivity of nano particles, particularly Al are increased ignition sensitivity, faster burn 
rates, decreased melting temperatures of nano-particles, and increased surface tension 
and mechanical stress due to the sharp curvature of the nano-spheres [194,200]. For 
oxidation of Al, if x amount of mass is converted to Al2O3, then the derivative dx/dt is 
proportional to its reaction rate [197]. The onset of oxidation of Al depends on specific 
surface area and average particle diameter. It was reported that depending on the above 
parameters, micro and nano Al particles start oxidizing in different stages based on 
temperature ranges. First stage oxidation onset indications as low as 130 ºC have been 
recorded [197]. Superfine Al powders having specific surface area of 16 m2/g showed a 
oxidation initiation temperature of 340 ºC (first stage onset) with a second stage 
intensive oxidation onset of about 540 ºC  [201]. 
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The critical properties that quantify the reactivity and energy release capacity of 
nano particles are activation energy and ignition temperature. Nano-scale Al particles 
ignite well below the melting point of Al (660 °C) based on a solid-solid phase reaction. 
The temperature increases acutely after the initial ignition creating molten Al and is 
subsequently followed by a higher heat release due to the solid-liquid reaction. P.Pranda 
et.al. [197] studied the effect of particle size on reactivity of Al powders. Their results 
showed that the reaction temperatures decrease with an increase in specific surface area. 
They report a reaction initiation temperature of 440 ºC for a commercial brand of Al 
nano particles (ALEX® Argonide Corporation) having a specific surface area of 12.0 
m2/g.  WARP-1 Al nano powder samples (Ceramics and Materials Processing Inc.) with 
a specific surface area 16.0-26.5 m2/g started reacting at temperatures as low as 200 ºC. 
While the specific surface area of reacted micro Al particles increases slightly due to 
oxide layer cracking [202], the nano Al particles exhibit an evident decrease due to 
sintering or annealing [197].C. E. Aumann et.al. calculated the activation energy for 
oxidation of nano Al particles of size 24-69 nm as 49 kJ/mol when compared to 165 
kJ/mol for Al strip of 0.25 mm thickness [203]. The activation energy of normal Al 
powder in air is about 215 kJ/cal which is relatively high compared to the nano-scale 
values [195]. It was reported that in the Al/Ni thermite couple, the activation energy of 
reaction decreased from 103.6 to 17.4 kJ/mol when the particle size of Al was decreased 
from 20 µm to 40 nm again emphasizing the importance of increased specific surface 
area of Al powder in a reactive mixture [194]. 
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J.J.Granier et.al. [204] investigated the ignition behavior of nano-aluminum 
based thermites. They found that the nano-scale thermite mixture sensitivity to thermal 
ignition was significantly enhanced when compared with micro-scale thermites. They 
observed that ignition delay times were reduced by two orders of magnitude (from 10 to 
0.01 s) using nano-scale Al in place of micro-scale Al particles in an Al/MoO3 thermite 
couple. Mirko Schoenitz et.al. prepared energetic nanocomposite thermite pairs of 
Al/Fe2O3 and Al/MoO3 using mechanical milling and determined their activation 
energies and ignition temperatures. Al particles (10 -14 µm) and Fe2O3 (325 mesh) were 
mechanically milled to make the Al/Fe2O3  nano-composite materials. They found that 
the activation energy of this pair was 170±25 kJ/mol while the ignition temperature 
ranged between 1,100K and 1,249K depending on the heating rates used [195]. Another 
study proposed a activation energy of 167.5 kJ/mol for the nano-scale Al-Fe2O3 thermite 
reaction [205]. 
With this background knowledge, we develop a chemical mechanism model for 
explaining the tribofilm formation. As mentioned before, the custom lubricant (PBL) 
was formulated using various micro/nano sized particles having sizes varying from 80 
nm to a few microns. The main elements were nano Al (80 nm minimum), micro Al 
(few hundred nanometers to a few microns range), micro Fe (325 mesh) and other 
additives carefully formulated in to an organic matrix. There was salt contamination in 
the formulation in the form of NaCl. 
A simple geometric calculation of the surface area of the nano Al (80nm) 
particles was made which gives a specific surface area of 27.7 m2/g which suggests a 
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high reaction rate. Under the experimental conditions of pressurized sliding and sliding-
rolling, these reaction rates are conjectured to be hastened especially with the further 
reduction of the melting point. We can do a simple interface temperature calculation to 
get an overall idea of the kinetics of probable chemical reactions. A simple model 
equation (2) to calculate temperatures between dry sliding metals developed by Bowden 
and Tabor [25] was used to estimate the approximate interface temperature during this 
experiment. The temperatures in lubricated conditions are reported to be not too far less 
compared to the dry condition values [25]. A thermal conductivity of 50 W/m.K was 
used for the rail steel which translates to 0.119 cal./sec./cm./ºK. The other values were 
substituted from the experimental conditions. A mean coefficient of friction value of 
0.07 from the sliding experiment was used for the following calculation.  
 
                                                    0
1 2
1
4
WgvT T
aJ k k
μ− = +                                                                    (2) 
 
T = steady state junction temperature (ºK) 
T0 = bulk body temperature (ºK) 
µ = coefficient of friction 
W = normal load (gm) 
g = constant of gravity (cm/s2) 
v = sliding velocity (cm/s) 
a = radius of circular contact region (cm) 
J = mechanical equivalent of heat (4.186 J/cal.) 
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k1 = specific thermal conductivity of counter face material    
(cal./sec./cm./ºK) 
k2 = specific thermal conductivity of substrate material  
(cal./sec./cm./ºK) 
 
 
The calculation yields a temperature rise of 614 K (341 ºC) and a junction 
temperature of 987 K (714 ºC) for sliding at room temperature. The ignition 
characteristics of Al nanoparticles depend on parameters like particle diameter and 
thickness of the passivating outer shell of Al2O3 [194,197]. The flash temperature rise 
(341 ºC) is higher than the ignition temperature of 80 nm nano Al particles. These 
particles are ideally assumed to be uniformly distributed within the lubricant layer, and 
ignite due to solid-solid phase reactions. Although oxidation would have initiated well 
below 341 ºC, because of the low content of 80 nm particles in the prototype PBL used 
for this experiment, there may be insufficient energy to further trigger the ignition of the 
Al particles >80 nm which ignite at higher temperatures. Another reason is that the flash 
temperatures last only for a few milli-seconds, giving a lower probability of multiple 
ignitions. As a result, the temperature required to start the nano thermite reaction is not 
reached. This leads only to local hot spots and localized reactions due to oxidation of a 
few nano-micro Al particles in the vicinity of each group of the ignited nano Al (80 nm) 
particles. Hence a scattered tribofilm with local areas of terrace formation takes place as 
seen in Figure 39. However when a additional temperature of 60-100 ºC by external 
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heating is supplied, there is more likelihood of triggering oxidation reactions of a higher 
size range of Al particles which could provide sufficient heat to cause more liquid-solid 
phase reactions and hence enough heat of reaction and temperature (1,087 K) to trigger 
the nano thermite reaction (Al/Fe2O3). Once this highly exothermic reaction is triggered, 
it can potentially amplify the heat produced which results in nano welding due to 
melting of Fe particles and also oxidation of Si and Fe. The result is a fully dense 
tribofilm covering the substrate (Figure 38). A list of probable reactions (unbalanced) is 
shown below. 
 
2 3Al O Al O+ →  
2 3 2 3Al Fe O Al O Fe+ → +  
2Si O SiO+ →  
2 3Fe O Fe O+ →  
3 4Fe O Fe O+ →  
2 3 3 4Fe O O Fe O+ →  
 
 
The XPS results are in good correlation with the proposed reaction products. 
Therefore it is seen that a small increase in input energy could trigger a massive 
energetic reaction. In the actual rail road scenario, the loads and sliding speeds are much 
higher than those simulated in the lab. This could easily provide the additional 
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temperature required to trigger the complete reactions. Hence this formulation could be 
field tested for experimental performance in the future. 
The chemical mechanism is summarized as taking the following route: 
1) The first reaction to be triggered is the oxidation of nano Al (80 nm) particles due to 
solid-solid phase reaction generating localized heat and mutual sintering. 
2) Next the nano-micro Al particles get ignited causing melting of Al and subsequent 
liquid-solid phase reactions producing high heat. 
3) The nano thermite reaction (Al/Fe2O3) is triggered once the ignition temperature is 
reached and the high heat involved in this reaction causes melting of Fe and oxidation of 
Si and Fe. 
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CHAPTER VII 
CONCLUSIONS AND FUTURE WORK 
 
This thesis research developed a novel methodology to generate a functional 
tribofilm. The methodology may henceforth be known as in-situ surface coating 
engineering. The surface and mechanical properties of the tribofilm were characterized 
using state-of-the art techniques. A preliminary model was developed to explain the film 
formation. Research results led to the following important conclusions and possible 
future areas of exploration. 
 
7.1. Conclusions 
? A functional tribofilm with desired tribological characteristics was generated. 
? The tribofilm exhibits good wear resistance with controlled friction. It has 
potential applications for gage/flange lubrication of railroads. 
? The tribofilm developed as a layered structure due to physical build-up of 
material in consecutive tests exhibiting good interlayer adhesion. The proposed 
chemical mechanism is a nano particle combustion followed by a nano-thermite 
reaction providing enormous heat for complex tribochemical interactions. 
Subsequently there is mechanical sintering of additive particle reaction products 
and wear debris at the interface. 
? The tribofilm presented characteristics of high hardness and self repair ability, 
and exhibited a distinct nanocrystalline nature. 
  113 
? The lubricant formulated to generate the tribofilm can be modified by altering the 
relative concentrations of the additive constituents for possible use in top of the 
rail lubrication. This would include achieving an acceptable TOR friction 
coefficient, while still maintaining the high performance properties of the 
generated tribofilm. 
? Potential applications include automotive and heavy machine industries, gas 
turbines and other high temperature applications involving reciprocating and 
rotating components requiring lubrication. 
 
7.2. Future Work 
? To better the tribo film characteristics by incorporating nano-composites of 
Al/MoO3 thermites which have lower activation energy than Al/Fe2O3 thermites. 
? To develop a model to predict the kinetics of the tribofilm mechanism. 
? Nano-mechanical and nano-tribological properties should be investigated 
experimentally as well as theoretically. 
? Explore the generation of tribofilms in other industrial applications. 
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